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Preface 


This  volume  is  a  collection  of  papers  presented  at  the  Sixth  International  Con¬ 
ference  on  Ultrafast  Phenomena.(ICUP  88)  held  at  Mt.  Hiei,  Kyoto,  Japan,  July 
12-15,  1988.  The  conference  brought  together  scientists  from  a  wide  range  of 
disciplines,  including  physics,  chemistry,  biology,  and  electronics,  who  share  a 
common  interest  in  discussing  ultrafast  processes  at  picosecond  and  femtosec¬ 
ond  time  scales.  It  was  attended  by  approximately  350  participants  from  19 
countries. 

The  ICUP  88  conference  was  held  just  ten  years  after  the  first  conference 
in  the  series.  The  progress  of  both  the  technology  and  applications  in  the  lie  Id 
during  this  decade  is  truly  remarkable.  In  addition  to  the  achievement  of  short 
pulses  far  below  10  fs,  which  is  almost  the  inherent  limit  in  the  visible  region, 
extensions  in  wavelength  range,  power  levels  and  other  performance  parame¬ 
ters  of  ultrashort  light  pulses  are  prominent.  With  these  high-performance  light 
sources,  ultrafast  phenomena  in  physical,  chemical  and  biological  systems  and 
in  artificial  devices  are  being  studied  extensively  and  earnestly.  Ultrafast  tech¬ 
nology  is  now  becoming  one  of  the  basic  and  common  tools  and  concepts 
presently  entering  a  wide  variety  of  scientific  fields  not  only  for  basic  research 
in  natural  science  but  also  for  promoting  new  applications  in  various  engineer¬ 
ing  fields.  We  feel  that  these  proceedings  vividly  reflect  the  present  status  of 
the  field. 

Numerous  people  contributed  to  make  the  conference  so  successful.  We 
would  like  to  thank  especially  the  members  of  the  international  program  com¬ 
mittee  and  the  Japanese  organizing  committee  for  their  helpful  advice  and  great 
effort  in  organizing  the  conference.  Special  thanks  are  due  to  Mr.  S.  Ohtani 
and  his  colleagues  at  the  secretariat  of  ICUP  88  for  their  hard  work  in  imple¬ 
menting  the  meeting  arrangements.  We  are  also  indebted  to  the  Japan  Society 
of  Applied  Physics,  the  Optical  Society  of  America,  the  Institute  of  Electrical 
Engineers  of  Japan,  the  Institute  of  Electronics,  Information  and  Communi¬ 
cation  Engineers,  the  Laser  Society  of  Japan,  and  the  Optoelectronic  Industry 
and  Technology  Development  Association  for  their  sponsorship.  In  addition, 
we  gratefully  acknowledge  financial  support  from  the  Commemorative  Asso¬ 
ciation  for  the  Japan  World  Exposition  1970,  the  Optical  Society  of  America, 
and  a  number  of  industrial  companies  and  firms. 
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Generation,  Amplification  and 
Compression  of 
Uitrashort  Light  Pulses 


Chirped  Pulse  Amplification:  Present  and  Future 
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andD.  Harter  2 
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Short  pulses  with  ultrahigh  peak  powers  have  been  generated  in  N'diglavs  and  Alexandrite 
using  the  Chirped  Pulse  Amplification  (CPA)  technique.  This  techivque  has  been  successful 
in  producing  picosecond  terawatt  pulses  with  a  table-top  laser  system.  In  the  near  future,  CPA 
will  be  applied  to  large  laser  systems  such  as  NOVA  to  produce  petawatt  pulses  (1  kj  in  a 
1  ps  pulse)  with  focused  intensities  exceeding  10+-  '  W/cnv-.  These  pulses  will  be  associated 
with  electric  fields  in  excess  of  100  e/a,')  and  blackbody  energy  densities  equivalent  to 
3  x  l()l()  J/cmL  This  petawatt  source  will  have  important  applications  in  x-ray  laser 
research  and  will  lead  to  fundamentally  new  experiments  in  atomic,  nuclear,  solid-state, 
plasma,  and  high-energy  density  physics. 

Three  fundamental  requirements  have  to  be  fulfilled  for  the  amplification  of  short  pulses. 
First,  the  bandwidth  of  the  amplifier  must  be  large  enough  to  accommodate  the  full  spectrum 
of  the  short  seed  pulse.  Second,  to  efficiently  extract  the  energy  stored  in  the  amplifier  the 
fluence  of  the  input  pulse  has  to  be  near  the  saturation  fluence  of  the  medium,  i.e..  Fs  =  hv/o, 
where  a  is  the  stimulated  emission  cross  section.  Finally,  the  intensity  within  the  amplifier 
must  stay  below  a  critical  level  at  which  nonlinear  effects  become  significant  and  begin  to 
distort  the  spatial  and  temporal  profiles  of  the  pulse.  This  critical  level  is  a  function  of  the 
integrated  nonlinear  index  along  the  optical  path  and  is  generally  known  as  the  B  integral  1 1 ) 

l 

»J  ■  •-  7 

The  B  integral  at  any  position  across  the  beam  gives  the  amount  of  phase  delay- 
experienced  by  the  laser  beam  The  high  spectral  frequencies  are  amplified  with  a  gain  factor 
proportional  to  exp(B).  Above  a  threshold  value  of  B  -  3.  high  spatial  frequencies  are 
amplified  to  an  unacceptable  level  and  must  be  removed  by  spatial  filtering.  This  condition 
limits  the  beam  intensity  to  below  a  critical  value  of  10  GW/cm-  for  solid  or  liquid  amplifiers 
10  cm  in  length.  The  CPA  approach  lowers  the  peak  power  during  the  amplification  and 
alleviates  this  last  requirement.  Thus  it  allows  the  utilization  of  superior  storage  energy- 
amplifiers  such  as  Nd:glass,  Alexandrite,  and  Tusapphire. 

Solid-state  media  doped  with  neodymium,  chromium,  or  titanium  have  saturation  fluences 
on  the  order  of  1-20  J/cm-  and  offer  excellent  energy  storage  capabilities.  They  have  some 
additional  features  of  interest,  such  as  high  doping  concentration  and  very  large  bandwidth. 
Chromium-doped  media  have  already  shown  lasing  capabilities  from  700  to  1 100  nm  w  ith 
large  bandwidths.  One  of  them,  Alexandrite,  with  a  bandwidth  covering  the  700-80(1  nm 
range,  has  reached  a  high  average  power  performance  of  100  W  |2],  Another  very  promising 
medium  is  titanium-sapphire,  which  has  been  reported  to  lase  between  700  and  1000  nm.  A 
well-developed  and  widely  used  solid-state  medium  is  neodymium-glass  which  has  a 
bandwidth  larger  than  20  nm  and  so  can  support  the  amplification  of  subpicosecond  pulses. 

However,  if  a  1  ps  pulse  is  amplified  in  Nd:glass  to  the  saturation  level,  the  power  density- 
will  be  on  the  order  of  1  TW/em-,  a  value  well  above  the  critical  non-linear  effect  threshold. 
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Thus  the  peak  intensity  limits  the  amount  of  energy  which  can  be  extracted  in  solid-state 
amplifiers  by  short  pulses  to  a  value  much  lower  than  the  saturation  energy.  For  this  reason, 
solid-state  lasers  until  now  have  been  well  suited  for  long  (nanosecond)  pulse  amplification, 
but  could  not  be  used  efficiently  for  the  amplification  of  picosecond  pulses. 

A  new  technique  was  necessary  to  amplify  short  pulses  to  saturation  energies  in  wide 
bandwidth  solid-state  media  while  maintaining  low  power  levels  in  the  amplifier.  Our  CPA 
approach,  illustrated  in  Fig.  I,  reaches  this  goal  [ 3,4 j.  A  short  seed  optical  pulse  is 
frequency-chirped  and  stretched  before  being  amplified.  The  long  pulse  is  then  amplified  to 
saturation  levels,  while  maintaining  a  low  peak  power.  After  amplification,  an  optical 
compressor  is  used  to  restore  the  original  short  pulse  duration.  Thus  we  are  able  to  generate  a 
pulse  with  short  duration  and  high  energy. 

Our  present  CPA  system  uses  phosphate  Ndtglass  amplifiers  and  a  wavelength  compatible 
cv-pumped  mode-locked  NdtYLF  oscillator  |5|  to  generate  0.5  TW  pulses  of  1  ps  duration. 
A  schematic  of  the  CPA  system  is  shown  in  Fig.  2.  T  he  oscillator  pulses  are  coupled  into  a 
9  pm  core,  1.3  km  single-mode  optical  fiber.  The  combined  self-phase-modulation  and 
group- velocity-dispersion  (GVD)  produce  a  300  ps  linearly  chirped  pulse  with  a  3.5  nnt 
bandwidth  [6],  Because  of  the  low  dispersion  of  silica,  a  long  fiber  (1.3  km)  is  necessary  to 
accumulate  sufficient  GVD  and  produce  a  long  pulse  with  a  highly  linear  chirp  (see.  for 
example,  17]).  At  this  point,  the  pulses  could  be  compressed  to  1  ps  using  a  double-pass 
grating  compressor  [6,81.  In  the  CPA  technique,  the  chirped  pulses  are  first  amplified  and 
only  then  compressed.  By  using  this  approach,  300  times  more  energy  can  be  extracted  than 
by  directly  amplifying  a  (compressed)  1  ps  pulse.  The  chirped  pulses  arc  amplified  in 
phosphate  Ndtglass  (Kigre  Q98).  In  the  absence  of  gain  narrowing,  the  Ndtglass  bandwidth 
(21  nm)  allows  for  amplification  of  pulses  as  short  as  100  fs.  Energy  in  excess  of  1  J  is 
reached  using  three  flashlamp-pumped  amplifiers.  The  amplification  system  is  described  in 
detail  in  [<>1. 

In  order  to  fully  exploit  the  potential  of  CPA,  it  is  desirable  to  have  the  largest  chirped 
pulse/compressed  pulse  ratio.  The  present  embodiment  reucs  on  positive  group  velocity 
dispersion  of  the  optical  fiber  and  negative  group  velocity  dispersion  of  the  grating  pair.  The 
frequency  chirp  arising  from  dispersion  within  the  fiber  can  be  canceled  by  a  grating  pair  only 
to  the  first  order.  Thus  this  combination  allows  for  a  compression  ratio  of  a  few  hundred  at 
most.  To  achieve  higher  compression  ratios  a  new  approach  is  necessary. 

The  group  time  delay  x  from  a  grating  pair  in  a  double  pass  can  be  written  to  the  second 
order  as  1 10] 


x(/.(|  +  AX)  =  x()  +  2  L  — 7— - 
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Fig.  2  Diagram  of  the  current  laser  system 


where  X  =  Xo  +  AX  is  the  wavelength,  Xq  is  the  central  wavelength  of  the  pulse,  c  is  the  speed 
of  light,  L  is  the  distance  between  the  planes  containing  the  gratings,  m  is  the  diffraction 
order,  a  is  the  grating  line  spacing,  and  0  is  the  diffracted  angle. 

The  ratio  between  the  linear  and  the  quadratic  terms  is  given  by 


Ti  _  3_ (  |  |  X0  m  sin  8\  AX 
Tj  “  a  cos2  0  X 


(3) 


where  Tj  is  the  stretched  pulse  duration.  The  quadratic  term,  T?.  has  to  be  negligible 
compared  to  the  Fourier  transformed  pulse  duration  tp,  which  could  be  produced  by  an  ideal 
compressor.  The  pulse  duration  Tp,  and  the  pulse  spectrum  Av  are  simply  related  by  the 
uncertainty  expression  Av  •  xp  n  0.5.  Due  to  the  quadratic  term,  Tp  will  be  stretched  by  a 
factor  V2  when  C2  equals  Tp.  Because  the  pulse  spectrum  Av  is  limited  by  gain  narrowing  and 
so  can  only  be  a  fraction  of  the  gain  bandwidth  Avc„  it  can  be  calculated  from  the  expression 
(3)  that  for  a  Av/Avg  =  0.2,  the  maximum  compression  ratio  T^Tp  that  can  be  obtained  with  a 
fiber-grating  system  is  a  few  hundred. 

MARTINEZ  111,12]  has  described  an  arrangement  which  uses  a  telescope  between  a 
grating  pair  in  order  to  provide  a  net  positive  GVD.  This  offers  the  possibility  of  both 
stretching  and  compressing  the  pulses  with  dispersive  devices  that  are  perfectly  matched  to 
one  another.  We  have  recently  demonstrated  1 13]  the  validity  of  this  technique  by  stretching 
an  80  fs  pulse  from  a  dye  laser  by  1000  times  and  then  recompressing  it  back  to  its  initial 
value  using  this  approach.  The  experimental  layout  and  results  are  shown  in  Figs.  3  and  4. 
respectively. 
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Expansion-compression 


Fig.  4  Comparison  of  the  auto¬ 
correlation  traces  of  the  input  and  output 
pulses  after  an  expansion-compression  of 
1000 


Picoseconds 


Alexandrite  is  a  very  promising  material  for  high  power  amplifiers.  With  a  saturation 
fluence  of  ~20  J/cm2  [14J  (-4  times  higher  than  Nd.glass),  it  has  great  energy  storage 
capabilities.  In  addition,  with  a  lasing  bandwidth  stretching  from  700-800  nm.  Alexandrite 
can  potentially  support  pulses  as  short  as  a  few  femtoseconds.  These  properties  make 
Alexandrite  an  excellent  choice  for  amplification  of  sub-picosecond  pulses  using 
expansion/compression  techniques. 

We  have  built  a  CPA  source  combining  a  synchronously  pumped  dye  laser  with  a  flash- 
pumped  Alexandrite  regenerative  amplifier.  The  dye  laser  is  described  elsewhere  [15].  The 
oscillator  is  tuned  by  a  6  p.m  thick  uncoated  pellicle  over  a  750-770  nm  range.  The  pulse 
duration  is  on  the  order  of  300  fs.  The  pulse  expansion  system  consists  of  two  1800  1/mm 
gratings  in  an  antiparallel  configuration  separated  by  140  cm.  Between  the  gratings  are  two 
500  mm  focal  length  lenses  forming  a  unit  magnification  telescope.  This  grating  configuration 
has  previously  been  shown  to  provide  a  net  positive  GVD  [12],  with  an  effective  grating 
separation  of  60  cm.  A  270  fs  (FWHM)  2.9  nm  input  pulse  to  the  expansion 
system  results  in  a  positively  chirped  pulse  of  50  ps  duration.  The  Alexandrite  regenerative 
amplifier  has  been  described  elsewhere  [16],  The  output  pulse  has  an  energy  as  high  as 
3.5  mJ.  The  amplifier  could  be  operated  at  repetition  rates  as  high  as  30  Hz.  A  standard 
double  pass  grating  compressor  is  used  to  compress  the  pulse  to  nearly  its  original  duration. 
The  stretched  pulse  of  about  60  ps  is  measured  with  a  streak  camera,  while  the  compressed 
pulse  is  measured  with  a  single-shot  autocorrelator.  The  compressed  width  (FWHM)  is 
300  fs  assuming  a  sech2  pulse  shape  (Fig.  5). 
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Fig.  5  Autocorrelation 
of  the  amplified  pulse 
after  Chirped  Pulse 
Amplification 


correlation  width  =  470  fs 

pulse  width  =  305  fs  (assuming  scch1 2  profile) 


In  conclusion,  chirped  pulse  amplification  has  been  used  with  Nd:glass  amplifiers  to 
produce  single  picosecond  pulses  at  the  terawatt  level.  The  beam  divergence  is  2.2  times  the 
diffraction  limit,  making  the  brightness  of  this  source  greater  than  10+'8  W/(cm2  •  sr),  the 
highest  brightness  ever  reported.  Presently,  the  technique  of  CPA  uses  a  combination  of  fiber 
and  grating  pair.  This  approach  is  limited  by  the  grating  pair  higher  order  dispersion  term  to  a 
compression  ratio  of  a  few  hundred.  A  better  embodiment  of  the  chirped  pulse  amplification 
technique  uses  two  grating  pairs,  one  for  pulse  expansion  and  the  other  one  for  compression. 
With  this  approach,  we  have  already  demonstrated  an  expansion-compression  ratio  of  1000 
and  should  be  able  to  obtain  a  ratio  as  high  as  5000.  Although  in  Ndiglass  gain  narrowing 
presently  forces  us  to  amplify  pulses  of -1  ps,  shorter  pulses  could  be  obtained  by  artificially 
broadening  the  overall  amplifier  bandwidth  using  different  types  of  glass.  Even  more  exciting 
is  the  fact  that  CPA  techniques  can  and  will  be  implemented  on  very  large  Ndrglass  amplifiers 
such  as  the  NOVA  system  at  Lawrence  Livermore  National  Laboratory.  With  such  a  system, 
nanosecond  pulses  with  kilojoule  energies  will  be  generated  before  being  compressed  to  a 
powers  in  the  petawatt  range.  These  pulses  will  produce  power 
1  W/cm2 4 5 6 7,  corresponding  to  electric  fields  in  excess  of  100  e/a^. 
and  a  blackbody  energy  density  equivalent  to  3  x  1010  J/cm3.  Such  a  source  will  have 
important  applications  in  x-ray  laser  research  and  lead  to  fundamentally  new  classes  of 
experiments  in  atomic  physics,  nuclear,  solid-state  plasma,  and  high-energy  density  physics. 
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This  paper  reports  the  first  high  power  compression  of  femtosecond 
pulses  using  bulk  materials.  *  More  than  100-pJ  of  output  energy  with 
pulse  duration  <22-fsec  were  achieved,  an  energy  increase  of  more  than 
four  orders  of  magnitude  over  that  available  from  fiber  compression. 

It  also  reports  an  experimental  investigation  of  multiphoton  ionization 
of  xenon  and  krypton  with  femtosecond  pulses.2 

High  power  compression  is  possible  because  material  lengths  required 
for  optimum  pulse  compression  have  now  become  considerably  shorter  than 
the  self-focusing  length  of  typical  amplified  femtosecond  pulses.  In 
that  case  the  beam  profile  cannot  evolve  significantly  inside  the 
material.  Thus  an  appropriate  portion  of  the  beam  can  be  selected 
after  it  emerges  from  the  nonlinear  medium.  The  approach  is  general 
and  can  be  applied  to  a  number  of  bandwidth  limited  ultrashort  pulse 
lasers,  notably  C02  or  excimer  lasers. 

Because  of  the  relative  ease  of  generating  femtosecond  pulses  with 
dye  laser  we  have  chosen  to  demonstrate  high  power  pulse  compression  at 
625-nm.  The  amplified  output  of  a  colliding  pulse  dye  laser3  produced 
a  near  transform  limited  (At  Av  =  0.5)  90  fsec  pulse.  This  beam  was 
spatially  filtered  by  focusing  the  pulse  through  a  500  pm  pinhole 
mounted  in  vacuum.  The  resulting  ~300  pJ  diffraction  limited  pulse  was 
allowed  to  expand  to  a  full-width  at  half-maximum  (FWHM)  beam  diameter 
of  785  pm.  It  was  then  incident  on  a  1.2  cm  thick  quartz  (CaF,,  was 
also  used)  window.  An  aperture  mounted  on  an  XYZ  translator  was  placed 
immediately  after  the  quartz  to  select  a  region  of  nearly  constant 
intensity  from  the  output  beam.  Compression  was  accompl ishcd  on  a  pair 
of  600  1/mra  gratings. 

Autocorrelation  traces  of  the  recompressed  pulse  are  displayed  in 
Fig.  1(a)  and  1(b).  Figure  1(b)  shows  the  energy  in  the  wings.  The 
compression  ratio  of  5  is  consistent  with  the  increased  bandwidth.  The 
output  energy  measured  immediately  after  the  200  pm  aperture  is  11  pJ , 
three  orders  of  magnitude  more  than  the  energy  obtained  in  fiber 
comp  ression. 

For  larger  apertures  one  should  anticipate  a  reduction  in  the 
measured  spectral  width  and  a  degradation  in  the  autocorrelation  trace 
since  the  small  spectral  broadening  generated  in  the  low-intensity 


8 


Springer  Series  in  Chemical  Physics,  Vol.48:  Ultrafast  Phenomena  VI 
Editors:  T.  Yajima  •  K.  Yoshihara  ■  C.B.  Harris  *  S.  Shionoya 
(c)  Springer* Verlag  Berlin  Heidelberg  1988 


(a) 


< 

z 

C3 


Z 

o 


DC 

CE 

O 

U 

O 

I— 

=> 

< 


•  200  pm  aperture 


.I--*  *!»»..' 


-200 


200 


TIME  (f sec) 

Fig.  1:  Autocorrelation  traces  of  a  chirped  and  compressed  pulse 
with  a  200  pm  aperture.  The  solid  curve  shows  a  sech^  pulse  envelope 
with  a  FWHM  of  19  fscc.  The  intensity  autocorrelation  of  the 
incident  pulse  (dashed  line)  is  shown  for  comparison. 


regions  now  contributes  to  the  radiation  transmitted  through  the 
pinhole.  For  a  700  p.rr.  aperture  the  spectral  width  is  --25%  narrower 
than  that  observed  through  the  200  pm  pinhole.  In  addition  some 
spectral  modulation  is  observed.  The  reduction  in  the  spectral  width 
is  consistent  with  the  slightly  longer  pulse  duration.  Pulse  widths  of 
22  fsec  are  measured  with  an  energy  of  110  pJ,  This  represents  37%  of 
the  incident  beam  energy  on  Che  quartz.  (With  antireflection-coated 
quartz,  the  transmission  could  be  increased  to  42%). 
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For  the  700  pm  and  smaller  apertures,  the  beam  divergence  was 
dominated  by  diffraction  from  the  aperture.  A  slit  was  placed  in  front 
of  an  OMA  to  sample  a  cross  section  of  the  beam.  The  far-field 
diffraction  pattern  of  the  attenuated  beam  (i.e.,  with  no  self-phase 
modulation)  and  the  22  fsec  beam  were  compared  under  otherwise 
identical  conditions.  The  divergence  of  the  two  beams  are  within  15% 
of  the  theoretical  Fraunhoffer  diffraction  value. 

With  such  good  beam  divergence,  it  is  possible  to  use  22  fsec  pulses 
Co  investigate  high  power  phenomena.  We  have  investigated  multiphoton 
ionization  of  xenon  and  krypton  with  22,  90  and  900  fsec  pulses.  The 
90  fsec  and  900  fsec  pulses  were  produced  by  amplifying  respectively, 
the  output  of  a  colliding  pulse  mode-locked  or  a  synchronously  pumped 
dye  laser.  Our  aim  was  to  investigate  the  pulse  dependence  of 
multiphoton  ionization  since  ultrafast  continuum  experiments  had 
indicated  that  atoms  could  be  illuminated  by  surprisingly  high 
intensity  light  (relative  to  extrapolation  of  long  pulse  experiments) 
before  significant  multiphoton  ionization  occurs.  ** 

An  achromatic  lens  focused  the  pulse  into  a  vacuum  chamber  equipped 
with  a  time  of  flight  ion  spectrometer.  The  laser  intensity  was  varied 
by  reflecting  the  beam  from  a  Brewster's  angle  germanium  slab 
(polarizer)  after  it  has  passed  through  a  \/2  mica  waveplate. 

Figure  2  is  a  graph  of  the  number  of  ions  as  a  function  of  the  laser 
intensity  for  both  krpton  and  xenon  (two  gases  used  for  continuum 
generation  at  higher  pressures**)  and  for  all  three  pulse  durations. 

The  solid  lines  were  obtained  from  a  modified  Keldysh  theory.5  The 
high  intensities  that  are  characteristic  of  femtosecond  multiphoton 
ionization  in  Fig.  2  confirm  the  conclusions  in  Ref.  4. 

It  is  not  clear  why  the  intensities  required  for  multiphoton 
ionization  with  femtosecond  pulses  are  so  high  relative  to 
extrapolations  of  those  observed  with  25  psec  pulses.6  Keldysh 
theories,  which  adequately  fit  the  experimental  data  for  the  first 
ionization  state,  ignore  the  bound  state  internal  structure  of  the 
atom.  That  this  approximation  is  valid  with  femtosecond  pulses  should 
not  be  surprising.  The  bound  state  energy  levels  experience  large  and 
rapid  AC  Stark  shifts.  Thus  dephasing  between  any  transition  and  a 
harmonic  of  the  laser  field  occurs  after  only  a  few  optical  cycles. 
Resonances  that  last  only  a  few  cycles  are  hardly  resonances  at  all  and 
they  should  contribute  only  marginally  to  the  overall  ionization  rate 
with  femtosecond  pulses.  Approximations  that  ignore  transient 
resonances  are  much  more  uncertain  with  relatively  long  pulses. 

There  is  a  second  issue  that  deserves  comment.  It  has  been  noted7 
that  if  nonsequential  ionization  were  to  occur,  it  is  most  probable 
with  ultrashort  pulses.  Thus  22  fsec  pulses  (only  11  optical  cycles) 
with  the  associated  high  saturation  intensity  (xlO1**  W/cm2)  should 
produce  the  most  favorable  conditions.  A  necessary,  but  not  sufficient 
condition  for  nonsequential  ionization  is  the  observation  at  the  same 
(below  saturation)  intensity  of  both  the  parent  and  daughter  species. 
Experimentally  we  see,  for  example,  the  presence  of  both  neutral  and 
doubly  ionized  xenon  at  the  same  intensity  for  both  22  fsec  and  90  fsec 
pulses.  However,  the  modified  Keldysh  theory  (solid  curves  in  Fig.  1) 
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Fig.  2  Ion  yield  of  Xe  and  Kr.  Solid  curves  are  calculated  from  a 
modified  Keldysh  theory.5  The  left  curve  on  each  panel  is  the  singly 
ionized  species.  The  arrows  indicate  the  appearance  intensity  for  ion 
species  that  were  observed  over  too  small  an  intensity  range  to  plot. 

which  assumes  sequential  ionization,  also  predicts  the  simultaneous 
presence  of  all  three  species  of  these  intensities.  Although  on  purely 
experimental  grounds  we  cannot  eliminate  the  possibility  of 
nonsequential  ionization,  we  do  not  see  significant  enhancement  of  the 
highly  ionized  species  compared  with  predictions  of  a  sequential 
model. 

References 

1  C.  Rolland  and  P.B.  Corkum,  J.  Opt.  Soc.  Am.  _B5,  641  (1988). 

S.L.  Chin,  C.  Rolland,  P.B,  Corkum  and  P.  Kelly,  Phys.  Rev.  Lett. 

6J_,  153  (1988). 

3  C.  Rolland  and  P.B.  Corkum,  Opt.  Commun.  _59_,  64  (1986). 

4  P.B.  Corkum,  C.  Rolland  and  T.  Srinivasan-Rao ,  Phys.  Rev.  Lett.  _57_, 
2268  (1986);  Ultrafast  Phenomena  V.  eds.  G.R.  Fleming  and  A.E. 
Siegman,  Springer-Verlag,  New  York  (1986),  p.  149. 

5  A.  Szoke,  NATO  ASI  Series  -  Physics  B ,  V.  171,  A.  Bandrauk  ed. , 
Plenum  Press  (1988)  p.  207. 

®  A.  1  Huillier,  L.A.  Lompre,  G.  Mainfray,  and  C.  Manus,  Phys.  Rev. 

A27  ,  2503  (1983). 

7  P.  Lambropoulos,  Phys.  Rev.  Lett.  _55_,  2141  (  1985). 


11 


Generation  of  Tunable  9-fs  Optical  Pulses 
in  the  Near  Infrared 

P.C.  Becker,  H.L.  Fragnito,  R.L.  Fork,  F.A.  Beisser,  and  C.V.  Shank 

AT&T  Bell  Laboratories,  Crawfords  Comer  Road, 

Holmdel,  NJ  07733,  USA 


We  report  the  generation  of  tunable  9  femtosecond  optical  pulses 
in  the  near  infrared  (800-840nm).  The  pulses  are  produced  by 
generating  a  continuum  in  a  flowing  jet  of  ethylene  glycol  with  a 
focused  intense  50  femtosecond  pulse  at  620  nm;  selecting  and 
amplifying  a  portion  of  that  continuum  in  the  near  infraredp];  then 
compressing  the  pulse  in  a  fiber  followed  by  a  grating  and  prism 
compressor  to  generate  9  femtosecond  pulses  in  the  near  infrared 
at  an  8  kHz  repetition  rate. 

The  intial  amplified  50  femtosecond  pulses  are  produced 
by  a  colliding  pulse  modelocked  laser  followed  by  a  dye  amplifier 
pumped  by  a  copper  vapor  laser  (Plasma  Kinetics  model  251) 
operating  at  a  repetition  rate  of  8  kHz[2].  The  amplified  pulses 
have  energies  of  a  few  pj  and  are  centered  at  620  nm.  These 
pulses  are  then  focused  into  a  flowing  stream  of  ethylene  glycol 
with  a  microscope  objective  to  generate  a  continuum  covering  the 
uv  to  the  infrared[3],  A  diagram  of  the  experimental  apparatus  is 
shown  in  Figure  1.  A  prism  filter  is  used  to  select  the  near 
infrared  portion  of  the  spectrum  and  to  compensate  the  linear 
dispersion[4].  The  input  and  output  beams  of  the  prism  filter  are 
displaced  in  the  vertical  plane.  The  infrared  beam  is  then  sent 
through  a  dye  amplifier  pumped  by  a  copper  vapor  laser  (Plasma 
Kinetics  model  151)  which  consists  mainly  of  reflective  optical 
components,  as  shown  in  Figure  1.  The  dye  used  in  the  infrared 
amplifier  is  LDS  821  which  amplifies  ultrashort  pulses  in  the  800- 
840  nm  range.  The  saturable  absorber  is  a  5  pm  thick  piece  of 
GaAs[5j.  The  infrared  pulses  are  amplified  to  0.5  pJ  with  less  than 
a  percent  of  amplified  spontaneous  emission.  Their  duration  is 
measured  to  be  60  femtoseconds  using  the  second  harmonic 
upconversion  technique. 

The  amplified  infrared  pulses  were  compressed  by 
passing  the  pulses  through  an  8  mm  piece  of  single  mode  fiber.  The 
pulse  generated  in  the  fiber  is  then  compressed  by  a  grating  and 
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absorber 


Fig.  1:  Experimental  arrangement  of  the  prism  filter  and  infrared 
amplifier. 


Fig.  2:  Autocorrelation  of  the  9  femtosecond  infrared  pulse,  with  a 
center  frequency  of  820  nm. 

prism  pair  compressor  sequence,  used  previously  to  generate  6 
femtosecond  pulses  at  620  nm[6].  The  autocorrelation  of  the 
pulse,  measured  by  the  background  free  second  harmonic 
upconversion  technique,  is  shown  in  Figure  2.  The  pulse  duration  is 
determined  to  be  9  femtoseconds  assuming  a  hyperbolic  secant 
squared  intensity  profile. 
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The  tuning  range  achievable  with  this  scheme  can  be 
extended  to  cover  the  visible  and  infrared  region  of  the  spectrum 
by  selecting  the  appropriate  gain  dye.  We  expect  that  the 
wavelength  tunable  ultrashort  pulses  produced  with  the  help  of 
this  amplifier  will  find  many  applications  in  studying  the  dynamics 
of  physical  systems. 

H.L.  Fragnito  has  a  postdoctoral  fellowship  from  the  Brazilian 
agency  CNPq. 
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Rapid  advances  have  taken  place  in  the  compression  of  optical  pulses 
using  self-phase  modulation  in  optical  fibers.  Pulses  as  short  as  6  fs  have 
recently  been  reported  [ 2 J  .  Unfortunately,  the  single  mode  fiber  used  limits  the 
compressed  pulse  energy  to  a  few  nanojoulcs.  These  pu'ses  can  only  be  used  as  a 
probe  in  spectroscopic  experiments  in  which  the  temporal  resolution  is  still 
limited  around  50  fs  by  the  high  power  pump  pulse  duration.  In  this  paper,  we 
report  the  generation  of  less  than  20  fs  pulses  with  energy  in  the  microjoulcs 
range.  The  principle  is  the  following  :  an  optical  pulse  is  spectrally  broadened  by 
self-phase  modulation  in  a  single  mode  fiber  ;  the  output  pulse  is  amplified  in  a 
multipass  amplifier  and  then  compressed  by  a  sequence  of  four  prisms.  The 
obtained  energy  level  is  sufficient  to  generate  non-linear  phenomena  such  as 
spectral  continuum. 

We  will  present  consecutively  two  experiments  using  this  technique. 
The  first  one  was  performed  at  the  "Institut  d'Optiquc"  and  produces  10  pJ,  20  fs 
pulses  at  low  repetition  rate  (50  Hz).  The  other  one  was  performed  at  the 
"Laboratoire  d'Optiquc  Appliqucc"  and  leads  to  16  fs  microjoule  pulses  at  high 
repetition  rate  (10  kHz). 

The  experimental  set-up  is  shown  in  fig.  1. 


Fig.  1  Scheme  of  the  experimental  set-up 


In  the  first  experiment  [2]  pulses  from  a  CPM  laser  are  amplified  to 
U00  pJ  at  50  Hz  repetition  rale  by  a  Nd:YAG  pumped  amplifier.  A  few  tens 
of  nanojoulcs  arc  coupled  in  a  1.5  cm  long  optical  fiber.  At  the  fiber  output 
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the  pulse  spectrum  has  been  broadened  by  self  phase  modulation  ;  this  broad 
spectrum  (40  nm)  is  then  injected  in  a  multipass  amplifier  pumped  by  the 
NdiYAG  laser.  Many  dyes  were  tried  in  order  to  obtain  the  widest  gain 
bandwidth  centered  on  the  pulse  spectrum.  Typical  amplification  bandwidths 
were  about  30  nm.  To  increase  the  width  of  the  gain  curve  we  used  several 
dyes  mixture.  The  "red"  dye  must  have  an  absorption  band  which  does  not 
overlap  the  fluorescence  band  of  the  "yellow"  dye.  We  have  found 
experimentally  that  DCM  is  the  best  candidate  for  amplification  of  the  red 
part  of  the  spectrum.  When  mixed  with  Rhodamine  B,  we  have  observed  gain 
bandwidth  exceeding  40  nm  in  our  NdrYAG  pumped  multipass  amplified  with 
total  energy  gain  of  one  thousand  [2].  The  pulse  at  the  output  of  the 
amplifier  has  an  energy  of  about  10  microjoules  and  a  duration  of  about  3 
ps.  We  then  compress  this  pulse  using  high  index  prisms  and  measure  its 
duration  with  a  single  shot  autocorrelator.  The  amplifier  pulses  can  be 
compressed  down  to  20  fs.  Figure  2  shows  the  amplified  pulses  spectrum  and 
single-shot  autocorrelation  trace.  The  pulse  peak  power  (0.25  GW)  is 
sufficient  to  generate  a  spectral  continuum  in  a  200  pm  thick  glass  plate. 

The  second  experiment  [3]  was  carried  out  using  optical  pulses 
generated  in  a  colliding-pulse  mode  locked  laser  and  amplified  at  a  10  kHz 
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repetition  rate  in  a  copper  vapor  laser-pumped  amplifier  to  energy  of  about 
2  p3  [4].  Group  velocity  dispersion  in  the  amplifier  was  compensated  using  a 
four  prisms  arrangement.  The  amplified  pulses  1  id  durations  of  50  fs  and  a 
10  nm  wide  spectrum  centered  at  614  nm.  A  small  fraction  of  the  amplified 
pulse  energy  was  coupled  into  a  1  1  mm  long  single  mode  fiber.  The  pulse 
spectrum  was  then  broadened  by  self-phase  modulation  up  to  a  width  of  60 
nm  (FWHM).  The  pulse  energy  at  the  fiber  output  was  typically  3  n3  and  due 
to  the  chirp  its  duration  was  on  the  order  of  .3  ps.  The  beam  was  then 
injected  in  a  multipass  amplifier  pumped  by  5  W  of  the  green  line  of  the 
copper  vapor  laser.  In  this  experiment,  we  also  used  a  mixture  of  DCM  and 
Rhodamine  610.  After  5  passes  in  the  dye  jet,  the  pulse  energy  has  increased 
to  about  1  p3  (x  300  gain).  The  output  pulse  spectrum  was  similar  to  the 
input  one  and  widths  of  50  nm  were  typically  obtained  (Fig.  3).  We  notice  a 
hole  in  the  gain  curve  near  600  nm.  These  amplified  chirped  pulses  were 
then  compressed  by  a  sequence  of  four  high  index  prisms  (SF10  from  Schott). 
An  interferometric  autocorrelator  was  used  in  order  to  measure  the  pulse 
duration.  The  shortest  pulses  that  could  be  obtained  using  these  prisms  were 
16  fs  (Fig.  3).  The  compressed  pulse  energy  was  decreased  by  losses  in  the 
compressor  to  about  0.5  p3.  These  pulses  are  sufficiently  powerful  to  create 
a  spectral  continuum  when  focused  ^  a  1  mm  thick  glass  plate  with  a  50  mm 
lens  (estimated  power  density  101  W/cm2). 

By  replacing  the  prisms  by  a  two  pass  grating  pair  we  obtained  less 
than  12  fs  pulses  but  at  the  expense  of  much  greater  losses. 
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In  both  cxpcrimcntb,  the  amplified  beam  profile  was  ncar^ 
diffraction  limited.  This  allowed  to  obtain  power  density  higher  than  1 0 1 
W/cm2. 
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Etudes  ct  Techniques  (Contract  II  86/089  and  //  86/01 84),  Ministcre  dc  la 
Recherche  Scientifique  and  Centre  National  d'Etudc  des  Telecommunications 
(Contract  //  86/1B/161). 
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For  spectroscopy  in  the  extremely  short  time  region,  it  is  required  to  have 
well-controlled  ultrashort  light  pulses,  not  only  in  shortening  the  pulse 
width  but  also  with  regard  to  stability,  tunability,  peak  power  and,  in 
addition,  ease  in  maintenance  and  handling. 

For  this  purpose,  we  have  developed  a  relatively  simple  and  practical 
ultrashort-pulse  dye- laser-based  system.  The  stable  basic  laser  source  is  a 
cavity-dumped,  hybridly  mode-locked  CW  dye  laser  (rhodamine  6G/DQ0C1)  pumped 
by  a  mode-locked  Ar  laser  coupled  with  a  single-stage  fiber  compressor, 
which  can  generate  transform-limited,  tunable  femtosecond  pulses  (  =100  fs) 
with  no  wings  and  also  clean  linear  chirped  pulses  [1,2], 

In  order  to  obtain  extremely  short  pulses  and  largely  broadened  spectrum 
with  a  second  optical  fiber  compressor,  the  tunable  femtosecond  pulses  were 
further  amplified  with  a  single-stage  dye  amplifier  (20  mm  cell  length) 
longitudinally  pumped  by  internal  SHG  pulses  from  a  CW  Nd:YAG  laser  Q- 
switched  at  repetition  rates  up  to  1  kHz.  The  average  power  of  the  SHG 
pulses  was  400  mW  at  1  kHz  and  the  pulse  width  was  45  ns. 

A  gain  of  1  x  103  can  be  obtained  in  the  wavelength  range  of  595-630  nm 
for  a  rhodamine  640  dye  solution  (3  x  10'3  M).  The  maximum  peak  power  of 
the  amplified  pulses,  without  broadening  by  the  use  of  a  mixed  saturable 
absorber  (DQ0CI  and  brilliant  green),  was  about  500  kW  at  603  nm.  The 
fluctuation  of  the  amplified  pulses  was  about  ±  15  %,  and  was  attributed  to 
the  time  jitter  between  the  dye  laser  and  pump  laser  pulses.  High  coupling 
efficiency  of  over  50  %  for  the  fiber  (4  Urn  core  diameter)  was  attained  due 
to  the  good  mode  pattern  of  the  amplified  pulses.  The  spectrum  of  the 
output  pulses  from  the  fiber  (15  mm  length)  was  efficiently  broadened  to  50- 
90  nm  for  the  power  density  of  1-2  TW/cm3  in  the  fiber.  For  35  mm  fiber 
length  the  spectral  width  became  143  nm. 

Figure  1(a)  shows  a  single  rapid-scanned  SHG  autocorrelation  trace  of  the 
shortest  pulse  compressed  by  using  a  grating-pair  (600  Z/nrn).  The  figure 
indicates  a  trace  of  only  one  scanning  of  the  SHG  correlator  which  is 
operating  at  33  Hz  and  is  triggered  by  the  synchronizing  clock  pulses  at  a 
repetition  rate  of  1  kHz.  The  trace  consists  of  several  discrete  signals 
corresponding  to  the  sampled  output  of  compressed  pulses  at  1  kHz.  The 
correct  correlation  trace  of  the  pulse  is  given  by  the  envelope  (dotted 
curve),  and  is  fitted  by  a  sech3  shape  of  14  fs  pulse  width  accompanied  by 
small  wings.  This  type  of  rapid  scanning  is  effective  for  monitoring  the 
instantaneous  behavior  of  the  compressed  pulses.  It  was  found  that  the 
fluctuation  of  the  compressed  pulse  width  (  +  25  %)  occurs  due  tc  the 
fluctuation  of  the  input  pulse  intensity  which  changes  the  condition  of  the 
optimum  phase  compensation  of  the  compressor.  The  large  spectral  broadening 
of  90  nm  shown  in  Fig.  1(b)  (corresponding  to  that  for  4  fs  transform- 
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Fig.  1  (a)  Single  rapid-scanned  SHG  autocorrelation  trace  of  the  shortest 

compressed  pulse,  (b)  Spectrum  of  the  pulse  for  (a). 


Fig.  2  (a)  Slow-scanned  SHG  autocorrelation  trace  of  the  pulse  compressed 

by  using  prism-pairs,  (b)  Spectrum  of  the  pulse  for  (a). 

limited  sech2  pulse)  indicates  that  the  measured  pulses  were  not  yet 
transform-1 i mi  ted  even  at  the  shortest  width. 

As  a  practical  dispersive  delay  line  for  pulse  compression,  we  alterna¬ 
tively  used  two  Brewster  prism-pairs  (SF-10  glass)  with  a  high  transmission 
rate  instead  of  the  grating-pair.  A  slow-scanned  SHG  autocorrelation  trace 
of  the  pulse  compressed  by  using  the  prism-pairs  under  the  conditions  of  12 
mm  fiber  length  and  1  TW/cm^  power  density  in  the  fiber  is  shown  in  Fig. 
2(a).  The  pulse  width  of  16  fs  (assuming  a  sech^  shape)  around  610  nm  was 
obtained  with  small  wing.  The  spectral  width  of  the  pulse  was  48  nm  (FWHM) 
as  shown  in  Fig.  2(b).  In  comparison  with  the  grating-pair  compressor,  the 
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prism-pair  compressor  increases  the  peak  power  of  the  compressed  pulse 
about  two  times  due  to  inw  enerqy-loss,  and  is  easy  in  alignment  and  in 
adjustment. 

Our  numerical  calculations  by  nonlinear  Schrodinger  equation  indicate 
that  the  effect  of  nonlinear  chirp  in  the  pulse  arising  from  the  cubic-order 
dispersion  and  the  shock  term  in  the  fiber  [3]  becomes  important  under  our 
experimental  conditions,  and,  as  a  result,  increases  largely  the  side  lobes 
in  the  compressed  pulse.  The  asymmetric  spectrum  as  well  as  the  pulse  shape 
measured  in  our  experiment  is  also  explained  with  these  effects.  For 
further  shorter  pulse  generation,  it  is  important  to  consider  the  nonlinear 
chirp  in  the  fiber.  However,  an  SHG  autocorrelation  trace  of  the  broadened 
pulse  before  compression  implied  that  the  chirping  is  not  far  from  linear. 
It  could  therefore  be  expected  to  realize  much  shorter  pulses  by  careful 
phase  compensation  in  consideration  of  all  dispersion  effects  in  the 
measurement  system. 

The  features  of  our  laser  system  using  a  high  repetition-rate  CW  Nd:YAG 
pumping  laser  are  the  stable  operation  for  a  long  time  (e.g.,  maintenance 
free),  the  ease  in  handling  and  the  compactness  in  comparison  with  systems 
using  other  pumping  lasers.  The  present  system  will  serve  as  a  practical 
femtosecond  light  source  for  ultrafast  spectroscopy  around  10  fs  region. 
The  broadband  linear  chirped  pulses  produced  by  this  system  are  also  useful 
for  a  new  type  of  transient  nonlinear  spectroscopy  [2,4],  where  the  time 
resolution  is  governed  by  the  light  coherence  time  much  shorter  than  the 
pulse  width. 
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Optical  Pulses  at  Low  Pumping  Energy 
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One  of  the  most  promising  approaches  to  obtaining  amplified 
femtosecond  pulses  is  the  use  of  a  multipass  jet  amplifier 
pumped  by  a  pulsed  copper  vapour  laser  (C7L)  /I/,  or  Nd-YAO 
laser  /2/.  The  amplification  of  2.:  x  10-  /I/,  or  about 
4  x  10'  / 2/  was  achieved  at  pump  pulse  energy  of  2  mj.  In  the 
paper  by  KNOX  et  al.  /I/  such  a  pulse  energy  corresponds  to 
10  W  of  the  CVL  average  power  at  5  kHz  repetition  rate. 

To  amplify  40-fs  pulses  at  610  nm  of  a  colliding-pulse 
mode-locked  (CPIvI)  dye  laser  we  have  used  a  two-mirror  tele¬ 
scopic  optical  scheme  of  an  amplifier  (Pig.  1),  which  enabled 
us  to  obtain  the  gain  greater  than  10^  at  CVL  pumping  power 
less  than  1  W  with  pulse  repetition  rate  of  10  kHz# 

A  200  jum  -thick  jet  of  dyo  dissolved  ir  ethylene  glycol  is 
located  in  the  common  focal  point  between  the  two  mirrors  with 
120  and  150  mm  radii.  An  amplified  pulse,  by  propaga¬ 
ting  between  the  mirrors,  illustrates  a  principle  of  an  un¬ 
stable  cavity.  With  each  next  pass  tne  beat!  is  propagated  clo¬ 
ser  to  the  optical  axis  of  the  cavity,  and  after  a  certain 
number  of  passes  leaves  the  amplifier  through  the  hole  in  the 
mirror. 


Pig.  1.  Schematic  diagram  of  the  amplifier. 
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In  our  experiment  we  have  realized  six  passes  through  acti¬ 
ve  medium.  An  amplifying  pulse  propagates  at  a  small  angle  to 
the  pumping  pulse.  The  maximum  angle  is  12°  for  the  first  pass 
and  for  subsequent  passes  the  geometrical  matching  between  the 
gain  volume  and  the  focal  volume  of  the  amplifying  bean:  is 
better  than  for  the  first  one.  Utilization  of  a  thin  jet  is 
also  optimal  for  a  good  geometrical  matching.  Such  an  optical 
scheme  allowed  us  to  focus  the  pump  radiation  into  a  spot  of 
0.3  nan  diameter  by  a  lens  of  25  mm  focal  length  and  to  obtain 
high  gain  at  small  pumping  energy. 

The  focal  diameter  of  the  amplified  beam  in  such  a  teles¬ 
copic  system  is  3  times  greater  at  the  sixth  pass  than  that  at 
the  first  pass  (120  and  40  jum,  respectively),  which  seems  opti 
mal,  provided  the  amplification  saturation  takes  place. 

We  have  studied  amplification  in  a  dye  1;  160  / 3/  absorbing 
mainly  the  pump  line  at  511  pm  and  having  the  gain  maximum  nea 
600  nm.  The  gain  of  1.2  x  10“*  was  achieved,  and  the  energy  of 
the  amplified  pulse  was  0.5  juJ.  Average  power  of  the  C7L  was 
0.7  W  at  511  run  (70  pj/pulse). 

Since  we  used  a  thin  jet  and  a  total  path  of  1.5  mn  the 
amplifying  medium  at  6  passes,  the  pulse  duration  did  not  ac¬ 
tually  change  and  was  equal  to  45  *  5  fs.  The  beam  quality 
remains  close  to  diffractional.  At  focusing  the  amplified  pul¬ 
ses  to  a  2  nm-thick  silica  place  we  have  observed  the  genera¬ 
tion  of  a  femtosecond  continuum  throughout  330-720  ms.  The  am¬ 
plification  of  pulses  up  to  the  energy  sufficient  for  a  conti¬ 
nuum.  generation,  at  pump  power  <  1  W,  makes  it  possible  to 
use  the  rest  of  CVL  radiation  for  the  amplification  in  the  se¬ 
cond  analogous  amplifier  of  the  chosen  spectral  part  of  the 
continuum  from  green  to  infrared.  We  believe  the  described 
method  is  one  of  the  most  simple  and  effective  for  the  ampli¬ 
fication  of  femtosecond  pulses. 
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Generation  of  29-fs  Pulses  from  a  Synchronously 
Pumped  Dye  Laser  and  Its  Cavity-Dumping  Technique 
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With  a  colliding  pulse  mode-locking  (CPM)  technique  and  an  intracavity 
group  velocity  dispersion  (GVD)  control  by  Brewster-angled  prisms,  pulse 
widths  of  dye  lasers  have  been  reduced  well  into  the  femtosecond  region. 
[1,2]  We  have  reported  65  fs  pulse  generation  from  a  synchronously-pumped 
dye  laser  with  GVD  compensation,  in  which  the  possibility  of  generation  of 
femtosecond  pulses  below  50  fs  was  discussed. [3]  Here,  we  newly  report  the 
generation  of  29  fs  pulses  at  615  nm  by  adopting  Kiton  Red  S  (KRS)  instead 
of  Rh6G.  We  also  report  the  generation  of  190  kw,  48  fs  pulses  with  the 
use  of  a  cavity  dumper  and  a  high  repetition,  high  power  femtosecond  laser 
system  which  generates  10-20  MW,  15  fs  pulses  at  a  repetition  rate  of  5  kHz. 

The  cavity  configuration  of  our  synchronously  pumped  femtosecond  dye 
laser  is  shown  in  Fig.  1.  The  laser  has  five  mirrors,  two  dye  jets,  four 
Brewster-angled  prisms,  and  an  adjustable  spatial  filter.  The  output 
mirror  is  mounted  on  a  precision  translation  stage,  so  that  the  cavity 
length  can  be  adjusted  to  a  pump  repetition  rate  within  0.1  resolution. 
The  laser  is  pumped  by  a  frequency-doubled  cw  Nd:YAG  laser  with  1.3  W 
average  power,  80  ps  width,  and  76  MHz  repetition.  The  dye  concentration 
in  ethylene  glycol  is  about  2x10*3  mol/1  for  KRS,  8x10*5  mol/1  for  DODCI, 
and  1.6x10*4  mol/1  for  DQOCI.  The  dye  jet  thickness  for  gain  is  400  /jm  and 
that  for  the  saturable  absorber  is  100  ^m. 

In  the  case  of  usual  combination  of  Rh6G  and  DODCI/DQOCI,  the  typical 
oscillation  wavelength  region  is  around  580  nm,  and  this  short  wavelength 
component  is  interrupted  with  a  spatial  filter  to  achieve  oscillation  at 
615  nm.  For  a  combination  of  KRS  and  DODCI/DQOCI,  however,  the  laser  tends 
to  oscillate  near  630  nm,  and  therefore  the  suppression  of  longer 
wavelength  component  is  required. 

The  shortest  pulses  thus  obtained  in  a  background-free  auto-correlation 
trace  are  shown  in  Fig.  2.  The  full  width  at  half  maximum  of  the  pulse 


ADJUSTABLE 


FOR  GVD  CONTROL 

Fig.  1 

Laser-cavity  configuration  incorporating  a  four-prism  sequence  and  a  spatial 
filter  to  change  the  oscillation  wavelength. 
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Fig.  2  Autocorrelation 
trace  of  the  laser  output. 
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Fig.  3  Autocorrelation  trace 
of  the  cavity  dumped  dye  laser. 


width  was  44.7  fs,  which  corresponded  to  a  pulse  width  of  29.1  fs  for  a 
sech^  pulse  shape.  The  average  output  power  was  60  mW  at  a  repetition  rate 
of  76  MHz,  resulting  in  a  peak  power  as  high  as  27  kW.  The  amplitude 
stability  was  +10  %  and  becomes  more  stable  when  the  pulse  is  set  to  35  fs. 

In  the  next  step,  we  describe  a  synchronously  pumped,  cavity  dumped  dye 
laser  which  can  emit  high  power  short  pulses  with  a  high  repetition  rate. 
Because  of  its  simple  configuration  which  do  not  employ  a  dye  amplifier,  it 
is  very  advantageous  in  studying  ultrafast  phenomena. 

The  cavity  dumped  dye  laser  is  achieved  by  replacing  mirror  M5  with  a 
double-pass  cavity  dumper.  Two  kinds  of  dyes,  Rh6G  and  KRS,  were  used  for 
the  gain  medium.  A  mixture  of  DODCI  and  DQOCI  was  also  used  for  the 
saturable  absorber.  In  the  case  of  Rh6G,  pulses  as  short  as  240  fs  were 
generated  with  a  peak  power  of  55  kW  at  3.8  MHz.  The  center  wavelength  of 
the  oscillation  was  615  nm.  The  pulses  were  compressed  to  56  fs  with  a 
peak  power  of  188  kW  by  using  a  pulse  compressor,  which  consisted  of  an 
optical  fiber  and  a  pair  of  Brews  ter -angled  TeC>2  prisms.  In  the  case  of 
Kiton  Red  S,  48  fs,  190  kW  pulses  were  generated  at  619  nm,  as  shown  in 
Fig.  3.  The  pulses  were  further  compressed  to  30  fs  with  a  peak  power  of 
130  kW  with  the  same  pulse  compressor.  The  duration  of  30  fs  quite  agrees 
with  the  minimum  pulse  width  attainable  by  compression  using  TeC>2  prisms. 

Nonlinear  optical  phenomena  often  require  large  pulse  intensities.  In  a 
pulse  compression  technique,  high  peak  power  is  essential  to  generate  short 
pulses. [4]  Here,  we  describe  a  femtosecond  laser  system  capable  of 
emitting  10-100  #iJ/pulse  with  a  5  kHz  repetition  rate  at  620  nm  by  using 
the  above  mentioned  cw  dye  laser.  Pulses  as  short  as  10-20  fs  have  been 
obtained  by  a  fiber  grating-pair  compressor. 

The  femtosecond  laser  system  has  three  major  components  which  consist  of 
an  oscillator,  an  amplifier,  and  a  compressor,  as  snown  in  Fig.  4.  The 
oscillator  is  a  synchronously  pumped  dye  laser  with  a  four-prism  GVD 
controller  and  a  spatial  filter  as  mentioned  above.  100  fs,  1  nj  pulses 
from  this  dye  laser  were  introduced  into  the  dye  amplifier.  The  dye  medium 
for  the  laser  amplifier  was  KRS  in  methanol  and  this  was  filled  into  fused 
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MODE-LOCKER  SYNCHRONIZATION 
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1  0-20M  WL 


Fig.  4  Schematic  view  of  the  femtosecond  laser  system. 


silica  vessels  which  were  connected  to  5  liter  reservoirs.  Usually,  a  dye 
stream  with  relatively  thick  jet  (>0.5  mm)  is  adopted  as  an  amplifier. [5] 
Here  we  used  dye  cells  with  a  high  speed  flow,  i.e.  high  speed  flow  cells, 
to  overcome  a  heat-up  problem  due  to  high  power  from  a  copper  vapor  laser. 
The  cuvette  length  of  both  cells  was  2  cm.  They  were  pumped  with  the 
copper  vapor  laser  which  proauced  30-ns  pulses  with  5  mj/pulse  at  a  5  kHz 
repetition  rate.  A  Corning  glass  plate  (color  filter  number  CS2-60)  was 
installed  after  the  second  stage  as  a  solid  state  saturable  absorber  so  as 
to  eliminate  amplified  spontaneous  emission.  The  pulse  broadened  to  130  fs 
after  passing  through  the  two  stage  amplifier.  This  broadening,  however, 
was  compensated  for  by  a  negative  group  velocity  dispersion  effected  by  a 
grating  pair  or  a  prism  pair. 

The  amplified  pulses  were  focused  into  a  12  mm  long  single-mode  optical 
fiber  with  a  core  diameter  of  4  urn.  The  chirped  pulse  from  the  fiber  was 
collimated  with  a  20x  microscope  objective  and  was  introduced  into  a 
grating  pair  with  600  line/mm  gratings,  where  the  distance  between  the 
gratings  was  set  to  20  mm.  Thus,  pulses  as  short  as  15  fs  with  0.25 
jiJ/pulse  have  been  achieved  at  a  repetition  rate  of  5  kHz. 
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We  report  on  femtosecond  pulse  generation  using  binary  gain  dye 
mixture  of  Rhodamine  590  and  Kiton  Red  in  an  improved  cavity  design. 
The  absorption  spectrum  and  the  emission  spectrum  of  the  dyes  overlap 
to  ensure  energy  transfer.  The  overall  fluorescence  spectrum  of  the 
mixture  shifts  to  the  red,  thus  improving  the  CPM  laser  performance 
characteristics  for  short  pulse  generation.  The  new  cavity  design 
consists  of  a  quasilinear  CPM  ring.  This  results  in  better  intracavity 
chirp  compensation  to  routinely  generate  pulse  durations  of  ~30  fs  .  A 
bandwidth  of  18.7  nm  is  achieved  which  exceeds  the  best  results  so 
far  by  17%  and  a  symmetric  shape  which  indicates  good  chirp 
compensation  [1], 

In  all  recent  experimental  work  the  number  of  dielectric  mirrors 
has  been  reduced  to  six  to  minimize  mirrors’  contribution  to  cavity 
dispersion  but  the  incidence  angles  have  remained  considerably  large. 
We  solved  this  problem  by  a  near  linear  ring  cavity  configuration  for 
the  CPM  laser.  The  mirror  incidence  angles  have  been  greatly  reduced 
resulting  in  almost  normal  incidence.  Thus,  we  have  avoided  astigmatic 
distortions  introduced  by  oblique  angles  of  incidence  that  limit  the 
performance  of  the  system  [2].  For  multilayer  dielectric  mirrors  the 
dependence  of  the  reflection  coefficient  on  the  angle  of  incidence  is 
the  smallest  for  normal  incidence.  Our  configuration  has  minimized 
this  dependence,  which  is  important  since  small  deviations  of  the 
incidence  angles  from  the  optimum  for  which  the  mirror  has  been 
coated  for,  causes  chirping  of  the  pulse  for  frequencies  at  bandwidth 
edge.  This  effect  becomes  significant  when  the  bandwidth  is  large 
[3,4]. 

We  recorded  the  laser  pulse  autocorrelation  functions  and  the 
corresponding  spectra  as  a  function  of  Kiton  Red  and  Rhodamine  590 
concentration  in  the  gain  medium,  while  keeping  the  saturable  absorber 
concentration  constant  (Fig.  1.).  The  corresponding  fluorescence 
spectra  of  the  binary-energy-transfer  gain  dye  mixture  was  also 
measured  (Fig  2.).  Routinely  achieved  operation  results,  which  were 
obtained  when  the  DODCI  concentration  was  also  optimized,  are 
presented  in  Fig.  3.  DODCI  was  used  as  the  standard  saturable  absorber 


Springer  Series  in  Chemical  Physics,  Vol.48:  Ultrafast  Phenomena  VI 
Editors:  T.  Yajima*  K.  Yoshihara  •  C.B.  Harris  ■  S.  Shionoya 
©  Springer- Verlag  Berlin  Heidelberg  1988 


27 


TIME  (fsec)  WAVELENGTH  (ran)  wavelength  mm 


Fig.1.  Autocorrelation  functions  and  their 
corresponding  spectra  presented  for  three  different 
Kiton  Red  concentrations  in  Rhodamine  590  - 
Ethylene  Glycol  solution  (Rhodamine  590;  1.6x1  O'3 
mol/l ):  (a)  No  Kiton  Red  at  all,  (b)  3.9x10‘5 
mol/I  of  Kiton  Red,  (c)  7.1xl0'5  mol/l  of  Kiton 

Kiton  Red 


Fig.  2.  Fluorescence  spectra 
of  the  binary  energy 
transfer  gain  dye  mixture 
corresponding  to  the  results 
presented  in  Fig.1. 


Fig.  3.  Autocorrelation  function  of  pulses  having  30  fs  duration  (a)  and 
corresponding  spectrum  (b)  obtained  for  optimum  Kiton  Red  -  Rhodamine  590 
solution  when  DODCI  concentration  was  also  optimized  (DODCI;1.3x10‘4  mol/l ) 


dye  in  Ethylene  Glycol.  Typical  pump  power  that  gave  the  shortest 
output  pulses  of  27  fs  ranged  between  2.0  W  and  2.3  W 
depending  on  the  concentration  of  the  gain  medium.  The  intracavity 
pulse  energy  is  16  nj  . 
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It  has  been  shown  that  an  average  positive  chirp  is  generated  for 
pulses  at  energies  higher  than  10  nJ  and  shorter  than  70  fs  .  This 
positive  chirp  is  due  to  the  prevailing  contribution  of  the  positive  chirp 
from  the  nonlinear  refractive  index  of  the  solvent,  over  the  negative 
chirp  from  the  absorber  saturation.  The  negative  chirp  from  the 
absorber  saturation  shifts  to  the  beginning  of  the  pulse  as  the 
saturation  parameter  g  =  E0/Es  increases  [5].  This,  and  the  fact  that 
the  positive  chirp  from  the  solvent  increases  with  pulse  energy  is 
considered  to  have  a  special  effect  in  our  experiment.  Our  DODCI 
concentration  is  20  times  smaller  than  the  optimum  concentration 
used  by  JACOBOVITZ  et  al.  [6]  which  increases  g  and  makes  the 
negative  chirp  considerably  less  pronounced  by  shifting  it  to  the  very 
beginning  of  the  pulse,  thus  affecting  an  even  smaller  part  of  it.  At  the 
same  time  the  affect  of  the  positive  chirp  due  to  the  nonlinear 
refractive  index  of  the  solvent  is  the  same  as  in  the  study  by  the  same 
authors  [5].  Since  the  part  of  the  chirp  from  the  DODCI  jet  is  reduced, 
this  results  in  a  more  successful  intracavity  compensation.  This  was 
possible  because  high  concentrations  of  DODCI  were  not  necessary  to 
shift  the  lasing  spectrum  to  the  red. 

Both  the  design  and  the  gain  mixture  contribute  to  reducing  the 
causes  of  chirp  while  at  the  same  time  considerably  broadening  the 
spectral  width.  The  achieved  spectral  width  of  18.7  nm  in  principle 
permits  generation  of  even  shorter  pulses  (22  fs  ).  The  failure  to  do 
so,  is  attributed  to  the  amount  of  glass  in  the  output  mirror  and  to  the 
excessive  intracavity  power  as  a  consequence  of  the  Kiton  Red 
presence.  Reducing  the  amount  of  glass  in  the  output  coupler  and 
increasing  its  transmission  is  expected  to  result  in  transform  limited 
pulses. 

This  research  was  supported  by  Hamamatsu  Photonics  K.  K. 
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Dye  amplifiers  are  commonly  used  for  amplification  of 
subpicosecond  pulses.  Higher  efficiency  can  be  obtained  from  a 
saturated  amplifier  but  at  the  expense  of  pulse  broadening [ 1 ] . 
In  this  paper  we  show  that  chirped  pulse  amplification  (CPA) 
can  be  used  to  avoid  this  pulse  broadening  in  a  saturated  dye 
amplifier. 

In  CPA,  a  pulse  is  temporally  dispersed  before  amplification 
and  subsequent  recompression.  Recently,  CPA  has  been  used  to 
avoid  damage  in  Nd: Glass  amplifiers  by  reducing  the  peak  power 
during  amplification  [2].  Stretching  a  subpicosecond  pulse  to 
match  the  nanosecond  pump  pulse  in  a  dye  amplifier  has  also 
been  proposed  [3]. 

When  the  energy  density  of  the  input  pulse  to  a  dye 
amplifier  approaches  1  mJ  per  square  cm,  the  gain  in  the 
amplifier  will  become  saturated.  This  causes  pulse  broadening 
because  the  leading  edge  of  the  pulse  experiences  a  larger  gain 
than  the  peak  of  the  pulse. 

We  have  numerically  modeled  CPA  in  a  saturated  amplifier. 
First,  a  fourier  transform  is  taken  of  the  hyperbolic  secant 
squared  input  pulse.  Next,  we  multiply  by  a  frequency 
dependent  phase  factor  and  then  take  a  second  fourier 
transform.  This  procedure  produces  the  chirped  pulse  which  we 
amplify  in  the  saturated  amplifier.  Finally,  we  fourier 
transform  this  pulse,  apply  the  inverse  of  the  phase  factor 
used  previously,  and  transform  back  to  produce  the  output 
pulse.  This  model  does  not  include  spectral  hole  burning 
effects  or  pulse  broadening  due  to  spectral  narrowing. 

In  Fig.  1A  we  demonstrate  the  effect  of  saturable 
amplification  without  CPA.  The  hyperbolic  secant  squared  input 
pulse  was  amplified  just  above  the  saturation  level  and  the 
output  pulse  was  then  normalized. 

An  optical  fiber  can  be  used  to  broaden  the  pulse  prior  to 
amplification  and  a  prism  pair  to  recompress  the  pulse  after 
amplification.  The  input  pulse  will  be  stretched  by  the  first 
dispersive  delay  line  and  the  carrier  frequency  will  sweep 
linearly  from  red  to  blue.  The  pulse  is  now  amplified  in  a 
saturated  amplifier  and  the  leading  edge  is  broadened  as 
before.  The  amplified  pulse  has  proportionally  more  red 
components  and  less  blue  than  the  input  pulse.  The  total 
bandwidth, however ,  is  slightly  larger  and  shifted  to  the  red. 
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Intensity  (arb.  units) 


Intensity  (arb.  units) 


Time  (norm,  units) 


Fig.  1  Theoretical  comparison  of  the  input  pulse  (dashed 
curve)  and  the  amplified  pulse  (solid  curve)  A)  without  chirped 
pulse  amplification  and  B)  with  chirped  pulse  amplification. 
The  units  have  been  normalized  so  that  the  input  hyperbolic 
secant  squared  pulse  has  a  pulsewidth  of  1. 


Despite  the  change  in  the  pulse  envelope  and  spectrum,  the 
amplified  pulse  is  still  described  by  a  linear  frequency  sweep. 
After  traversing  the  final  prism  pair,  the  resulting  pulse  is 
slightly  shorter  in  duration  than  the  input  pulse.  This  is 
shown  in  Fig.  IB  where  we  demonstrate  saturable  amplification 
with  CPA. 

The  oscillator  for  our  system  consists  of  a  pulse  compressed 
cw  mode-locked  Nd : YAG  laser  which  is  frequency  doubled  and  used 
to  pump  a  dye  laser  (4).  The  output  of  the  dye  laser  is 
further  compressed  in  fiber-prism  compressor  to  produce  tunable 
pulses  of  less  than  100  fsec  [5,6].  Our  best  result  from  this 
system  was  a  pulsewidth  of  65  fsec  with  100  mW  of  average 
power.  We  then  amplified  these  pulses  in  a  three  stage  dye 
amplifier  pumped  by  a  frequency  doubled  Q-switched  Nd : YAG 
laser.  At  low  pump  power  we  obtained  100  fsec  pulses  at  330 
pj.  When  the  pump  power  was  increased,  we  obtained  620  uJ 
pulses  but  the  pulsewidth  broadened  to  150  fsec  and  the  wings 
on  the  pulse  became  large.  The  autocorrelation  of  this  pulse 
is  shown  in  Fig.  2A. 

We  then  divided  the  fiber-prism  pulse  compressor  into  two 
parts  so  that  the  pulse  from  the  fiber  was  first  amplified  and 
then  recompressed  in  the  prism  pair.  The  duration  of  the  pulse 
before  the  prism  pair  was  0.9  psec.  The  pump  Dower  to  the 
amplifier  was  increased  as  before  but  no  pulse  broadening  was 
observed.  Even  at  an  output  energy  of  850  pJ  we  observed  an 
amplified  pulsewidth  of  87  fsec.  The  autocorrelation  is  shown 
in  Fig.  2B. 

In  summary,  we  have  proposed  and  demonstrated  the  use  of  CPA 
in  eliminating  pulse  broadening  due  to  saturation  in  dye 
amplifiers.  Since  the  staging  of  dye  amplifiers  is  predicated 
on  remaining  below  saturation,  the  use  of  CPA  may  allow  some 
novel  amplifier  designs  in  the  future. 
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Fig.  2  Amplified  pulse  autocorrelation  measurements  for  A) 
prism  pair  before  the  amplifier  and  B)  prism  pair  after  the 
amplifier. 
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Light  pulses  less  than  100  fs  in  duration  have  been  recently  achieved  by 
synchronously  pumped  hybrid  dye  lasers  at  different  wavelengths.  The  dura¬ 
tion  and  stability  of  the  pulses  critically  depend  on  the  design  of  the  res¬ 
onator,  which  includes  several  optical  elements  such  as  two  pairs  of  focus¬ 
ing  mirrors  and  dispersion  compensating  prisms.  Simple  three  mirror  linear 
resonators  with  a  single  focus  were  first  analyzed  by  KOGELNIK  [1],  and 
more  recently  cavities  containing  two  foci  were  numerically  studied  [2-3]. 
The  stability  ranges,  as  well  as  the  ratio  of  the  spot  sizes  at  the  foci, 
were  calculated  as  a  function  of  the  focusing  mirror  separation,  to  opti¬ 
mize  saturation  in  the  absorber  and  gain  jets.  An  important  parameter  not 
yet  considered  in  the  literature  is  the  misalignment  of  the  resonator, 
which  determines  the  sensitivity  of  the  cavity  to  perturbations. 

In  this  work,  we  present  a  simple  and  general  analysis  of  resonators 
with  multiple  foci,  which  includes  the  characterization  of  the  misalignment 
sensitivity.  The  study  is  based  on  a  theory  recently  developed  for  multi- 
-element  resonators  [4].  Let  us  first  consider  one  of  the  focal  regions 
in  a  generic  linear  resonator,  whose  ray  matrix  equivalent  is  shown  in  Fig. 
1.  The  distance  z  represents  the  separation  between  the  two  focusing  mirrors 
of  a  folding  configuration.  The  matrices  describe  the  propagation  towards 
the  two  end  mirrors,  which  are  assumed  to  be  flat,  and  include  the  folding 
mirrors  and  all  the  other  optical  elements  contained  in  the  resonator.  The 
misalignment  in  the  optical  components  is  treated  by  adding  a  2*1  vector  tc 
that  obtained  by  multiplying  the  input  ray  vector  by  the  appropriate  ray 


Fig.  1  Schematic  of  a  linear  resonator  with  one  folding.  The  matrices  and 
the  misalignment  vectors  represent  any  optical  system  present  in  the 
cavity 
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transfer  matrix  [5].  The  elements  of  the  misalignment  vectors  give  the  posi¬ 
tion  and  the  slope  of  the  output  ray  when  the  input  ray  coincides  with  the 
reference  axis  of  the  system,  and  therefore  the  input-output  relationship  is 
no  longer  homogeneous.  The  analysis  of  such  a  general  resonator  shows  the 
existence  of  two  stability  zones  of  equal  amplitude,  as  a  function  of  z.  The 
spot  size  of  the  gaussian  TEM00  mode  at  the  beam  waist  inside  the  folding 
vanishes  at  the  stability  limits  and,  as  a  function  of  z,  reaches  a  maximum 
value  w00  given  by 

wj0  =  (A/2n)AZ  ,  (1) 

where  az  in  the  width  of  the  stability  zone,  and  A  the  laser  wavelength. 

This  simple,  but  rigorous,  relationship  is  of  general  validity  and  does  not 
depend  on  the  particular  configuration.  Since  w00  is  the  same  in  both  zones 
the  laser  can  operate  in  each  zone  without  loss  in  the  output  power. 

The  resonator  sensitivity  to  the  misalignment  provides  a  criterion  to 
choose  the  stability  zones.  The  displacement  and  the  slope  of  the  mode  axis 
with  respect  to  that  of  a  perfectly  aligned  resonator  can  be  determined  by 
applying  the  ray  matrix  technique  and  solving  a  self  consistency  matrix  equa¬ 
tion  that  expresses  the  fact  that  the  mode  axis  is  the  unique  ray  that  re¬ 
traces  itself  after  one  round  trip  around  the  resonator.  The  misalignment 
sensitivity  in  the  two  zones  is  markedly  different:  in  fact,  at  one  edge  of 
one  stability  zone  the  displacement,  x,  and  the  slope,  0,  of  the  mode  axis 
diverge  for  small  misalignment  in  the  optical  elements.  The  stability  zone 
characterized  by  this  limit  is  called  zone  II,  the  other  is  called  zone  I. 
Figure  2  shows  a  typical  behavior  of  the  misalignment  sensitivity  defined 
as  the  ratio  between  beam  displacement  (or  slope)  and  the  tilting  angle  of 
one  of  the  two  end  mirrors  as  a  function  of  the  folding  mirror  separation. 

The  mode  configuration  at  the  limits  of  the  stability  zones  is  also  shown 
for  a  simple  resonator  made  by  flat  end  mirrors  and  a  pair  of  focusing  mir¬ 
rors.  In  this  case  the  misalignment  sensitivity  diverges  near  the  confocal 
arrangement  of  the  two  folding  mirrors. 

The  effect  of  the  displacement  of  the  mode  axis  on  the  stability  of  the 
system  becomes  prominent  in  particular  planes  in  the  resonator  where  limit¬ 
ing  apertures  or  peculiar  components  are  located.  Displacement  of  the  mode 
from  the  pumped  area  in  the  gain  jet  can  cause  output  power  fluctuations, 
as  well  as  that  in  the  section  of  the  resonator  containing  the  prisms  deter¬ 
mines  fluctuations  in  pulse  duration.  In  both  stability  zones,  the  misalign¬ 
ment  sensitivity  has  also  been  studied  as  a  function  of  the  jet  position  in¬ 
side  the  folding.  Experiments  have  been  performed  on  a  Rhodamine  66  laser 
made  by  two  flat  mirrors  and  a  pair  of  folding  mirrors  (10  cm  radius)  syn¬ 
chronously  pumped  by  a  frequency  doubled  Nd:YAG  laser.  The  theoretical  curves 
of  misalignment  sensitivity  have  been  compared  with  the  reciprocal  of  the 
mirror  tilting  angle  that  halves  the  output  power.  In  zone  I  the  misalign¬ 
ment  sensitivity  is  almost  independent  of  the  jet  position  and  of  the  fold¬ 
ing  mirror  distance,  whereas  in  zone  II  the  divergence  of  the  misaglinment 
sensitivity  can  be  eliminated  only  if  the  jet  is  placed  exactly  in  the  focus 
of  one  of  the  two  folding  mirrors. 
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Fig.  2  Theoretical  behavior  of  the  misalignment  sensitivity  of 
the  resonator.  The  resonators  show  the  mode  configurations  at 
the  edges  of  the  stability  zones 


To  understand  the  effects  of  misalignment  in  a  resonator  containing  prisms 
we  have  measured  the  misalignment  sensitivity  by  placing  an  aperture  in  the 
long  arm  of  the  resonator  and  the  gain  jet  at  the  focus  of  one  of  the  fold¬ 
ing  mirrors.  Figure  3  shows  the  measured  mode  axis  displacement  compared 
with  the  theoretical  prediction.  The  behavior  in  zone  II  indicate  a  more 
critical  control  of  the  cavity  dispersion,  which  depends  on  the  optical  path 
inside  the  prisms,  and  therefore  on  the  point  of  incidence  of  the  beam  on 
the  prisms. 


The  analysis  has  been  also  extended  to  take  into  account  the  presence  of 
a  second  folding.  With  the  help  of  a  two  dimensional  diagram,  with  the  two 
folding  distances  as  axes,  several  stability  areas  can  be  recognized.  The 
misalignment  sensitivity  diverges  along  a  particular  line,  which  determine 
the  regions  that  should  be  avoided  for  a  reliable  operation. 
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Compensation  for  chirp  arising  from  self-phase  moduration  and  dispersion  in 
a  cavity  is  essential  for  the  generation  of  pulses  shorter  than  100  fs  from 
a  colliding-pulse  mode-locked  (CPM)  CW  dye  laser.  There  are  presently 
three  compensation- techniques:  1)  the  method  employing  four  prisms  [1],  2) 
the  Gires-Tournois  interferometers '  method  [2],  and  3)  the  multilayer  di¬ 
electric  cavity-mirrors'  method  [3,  4].  The  latter  has  the  advantages  of  a 
simple  cavity-configuration  and  adjustment-free  compensation,  but  the 
disadvantage  of  a  large  third-order  dispersion  T(^)  which  broadens  the 
pulse  duration  with  subpulses.  In  this  paper,  we  show  that  >.c/4  multilayer 
dielectric  mirrors  providing  a  small  value  of  ■:’(■-)  (cl  *  lO'*'!’ s- )  at  an 
optimum  value  of  ?(■■•>)  (~2  ■  10':’H s:’  [3,  4])  and  small  variations  of  VU) 
and  "<r(w)  around  the  lasing  spectrum  for  chirp-compensation  can  be  achieved. 

Cavity  mirrors  for  chirp  compensation  should  satisfy  the  following 
conditions  around  a<j=635  nm  for  an  R6G+D0DC1  CPM  laser:  1)  the  values  of 
the  sum  of  6(w)  and  of  all  the  cavity  mirrors  be  ~2 * 10~2Bsr  and 
<1  <10'1<2s3,  respectively,  2)  the  reflectivity  R(w)  of  the  mirrors  be 
99.9  %,  and  3)  the  value  of  the _ fourth-order  dispersion  be  zero  so 

that  the  variations  of  Vu>)  and  T(w)  are  small  around  635  nm. 

Using  a  well-known  matrix  formulation  [5]  for  the  amplitude  reflectance 
|r(u))jx  exp[i*(u)3  (R(u)  =  jrU)jJ)  of  a  \,/4  multilayer  dielectric  mirror, 
a  phase  shift  *>(a)  and  its  angular-frequency  derivatives  of  a  reflected 
EM-wave  were  numerically  calculated  as  a  function  of  the  frequency  with  the 
aid  of  a  computer.  Refractive  indices  of  a  high  refractive  layer  ng  = 
2.25,  a  low  refractive  layer  nj_  =  1.48  and  substrate  n<-  =  1.52  were 
employed  for  the  calculation.  After  many  calculations  of  t'(u)  and  ) 

at*b(w)  =  0  for  different  coating  structures  of  double-  and  triple-stacking 
mirrors,  we  found  that  one  can  design  simple  double-stacking  mirrors 
satisfying  the  above  conditions.  For  a  double-stacking  mirror,  the  fre¬ 
quency  dependences  of  the  dispersion  and  reflectivity  around  the  resonance 
wavelength  A.gQ  of  the  lower-side  stack  are  affected  mainly  by  those  of 
upper-  and  lower-side  stacks,  respectively.  In  the  region  of  the  wave¬ 
length  longer  than  the  resonance  wavelength  a^q  of  the  upper-side  stack, 
the  value  of  i>'(w)  becomes  positive,  corresponding  to  negative  group 
velocity-dispersion,  while  around  the  wavelength  the  value  of  R(0 
becomes  about  99.9  %.  Therefore,  we  investigated  double-stacking  mirrors 
for  which  a^q  is  in  the  wavelength-region  shorter  than  a^,  \gg  is  near  to  aj 
and  the  layer  number  Lg  of  the  lower-side  stack  is  24. 

For  the  practical  cavity-configuration  as  shown  in  Fig.  1-C,  the 
following  three  cases  were  considered:  in  case  A,  the  chirp  is  compensated 
for  by  one  cavity-mirror  M;  (e  s  0°  ,  typically  3.5")-,  in  case  B,  by  two 
mirrors  Mj  and  M6  (e  =  45°);  and  in  case  C,  by  three  mirrors  Mt,  M,,  (:>  = 
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Fig.l  A)  Wavelength  dependences  of  the  sum  of  the  second-  and  third-order 
dispersions  ( ?n  (a)  and  Vn(b)  )  of  chirp-compensation  mirrors  Mi,  M  =  and 
Ms  in  case  C,  and  those  (yrtj  (a')  and  "*!Cj  (b1 )  )  of  compensation-mirror  Mj 
employed  in  the  previous  experiment  for  50  fs-pulse  generation  [3],  B) 
Doubly  stacked  1 ayer-structures  of  new  mirrors  for  case  C.  C)  Cavity 
configuration  of  a  CPM  laser  to  be  chirp-compensated  for  by  cavity 
mi rror(s ) . 


Table.  1  Multilayer  structures  of  double-stacking  mirrors  obtained. 


Case 

M. 

i 

A 

B 

Ml  fV. 

C 

M,  M5  M6 

LA 

8 

6  8 

6  6  6 

>,^Q  (nm)  at  0° 

489.1 

457.9  550.7 

448.8  452.4  522.7 

lb 

24 

24  24 

24  24  24 

>. bo  (r™)  at  0° 

601.9 

598.4  699.4 

630.5  632.8  671  .3 

10°)  and  M6.  For  all  cases,  suitable  mirrors  were  obtained,  which  are 
summarized  in  Table  1.  Here  all  the  resonance  wavelengths  \A0  and  'BO  were 
defined  at  the  incident  angle  of  0°  but  not  at  the  actual  angle. 

In  Fig.  1-A,  the  dispersion  curves  " ( ui )  and  T(oo)  of  the  sum  of  all  the 
mirrors  obtained  for  case  C  are  shown.  In  all  cases  (A,  B  and  C), 
both  *(u)  and  "fU,)  similarly  increase  with  the  wavelength  up  to  the 
643  ~  64 5  and  635  nm,  respectively,  and  then  decrease  with  the  further 
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increase  of  the  wavelength.  However,  the  degree  of  the  variations  of  V(w) 
and  $'(<*>)  are  much  different,  especially  T(w) .  Those  variations  in  case  C 
are  the  smallest.  In  addition,  the  maximum  values  of  V(u)  are  the  same 
(~2  x  10  ^Ss2) ,  while  those  of  "<ft  w)  are  different  and  those  in  case  C  are 
once  again  the  smallest  (1 .16  x  10-t4?s3) .  Therefore,  it  is  concluded  that 
the  compensation  method  of  case  C  is  the  best.  From  this  result  we  can 
deduce  that  when  chirp  is  compensated  for  by  all  (six)  cavi ty-mirrors 
except  for  an  output  mirror  the  smaller  '<f'(w)  and  variations  of  VU) 
and  (f(u>)  will  be  obtained.  It  should  be  noted  that,  in  general,  as  tne 
layer,  number  of  the  upper-side  stack  is  small  the  variations  of  if ( ^ ) 
and  lf’(w)  and  tneir  maximum  values  become  small. 

The  wavelength  dependences  of  4>*(u)  and  *<f7w)  of  the  compensation  mirrors 
employed  previously  for  50  fs  pulse  generation  [3]  are  also  shown  in 
Fig..  1-A  for  the  comparison  with  case  C.  It  is  found  that  the  value 
of  if'(u)  and  the  variations  of  V(u>)  and'<5’(w)  around  A^  for  the  new  mirrors 
are  much  smaller  than  those  of  the  previous  mirrors.  In  addition,  the 
maximum  values  of  4>*(<a)  =  2.05*lo~28s2  and  if {u)  =  1.16^1 0_47s3  around  Ad 
of  the  new  mirrors  are  comparable  to  those  of  3>'(u>)  =  3.12  xlCf28s2  and’"U) 
=  1.19  xl0“'*2s3  which  were  estimated  for  compensation  by  the  four  prisms' 
method  [1.6],  The  latter  values  were  evaluated  from  the  approximate 
equations  of  Ref.  6  with  the  experimental  data  of  Ref.  1  (where 
i  =  30  cm  and  3  =  0°),  where  the  practical  effect  of  positive  group- 
velocity  dispersion  of  prism  materials  originating  from  the  beam-passing 
distance  in  four  prisms  wasjieglected.  The  calculation  [7]  of  the  third- 
order  dispersion  effect  of  TU)  =  1 . 16  x  lO'^s3  on  30  fs  pulses  shows  that 
no  broadening  occurs  on  reflecton  by  the  new  mirrors. 
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Fiber  Raman  laser  with  intracavity  pulse  compression  is  in¬ 
vestigated  both  theoretically  and  experimentally.  Smoothly 
tuned  generation  inside  two  Stokes  components  with  minimum 
pulse  width  150/fs/is  experimentally  obtained.  Potentialities 
of  such  lasers  are  discussed.  It  is  shown  that  they  can  generate 
smoothly  tuned  pulses  in  all  silica  fiber  transparency  spectral 
region.  Pump  energy  conversion  into  the  energy  of  Raman  genera¬ 
tion  can  reach  more  than  80  %  (30%  experimentally  obtained)  and 
the  average  output  power  -  a  few  watts.  Experiments  on  forward 
and  backward  Raman  amplification  of  femtosecond  pulses  up  to 
the  energy  of  ~/pJ  /are  described. 

One  of  the  most  promising  laser  sources  are  wavelength-tuned 
fiber  Raman  lasers,  where  fiber  acts  not  only  as  a  Raman  active 
medium  with  a  broad  gain  line  but  also  as  dispersive  medium  with 
Kerr  nonlinearity.  In  the  positive  group  velocity  dispersion 
spectral  region  of  fibers  (for  silica  fibers  can  be  0.2-1.8/pm/) 
traditional  synchronously-pumped  fiber  Raman  lasers  generate 
transform  unlimited  pulses  with  durations  of  the  order  of  pump 
pulse  duration  (typically  ~ 100/ps/ )[ 1  ] .  But  with  intracavity 
negative  dispersion  delay  line  it  is  possible  to  obtain  femto¬ 
second  pulses.  That  was  realized  by  KAFKA  et  al.  [2]  and  DIANOV 
et  al.  [3]  who  obtained  0.8/ps/and  0.4/ps/pulses  corresponding¬ 
ly. 


Figure  I  demonstrates  laser  schematics.  A  fiber,  a  dispersion 
delay  line  (consisting  of  a  diffraction  grating  and  a  prism) 
and  a  spectral  filter  (slit  Sj)  are  introduced  into  the  laser 
ring  cavity.  Synchronous  pumping  through  the  dichroic  mirror 
is  produced  by  cw  mode  locked  laser.  The  theoretical  model  of 
pump  and  SRS  radiation  propagation  through  the  fiber  is  based 
on  a  system  of  two  bound  Schrodinger  type  equations  describing 
the  effects  of  SRS,  self-phase  modulation,  cross-phase  modula¬ 
tion,  group  velocity  dispersion  of  fiber  and  di fferences between 
laser  parameters  for  stable  high-quality  femtosecond  pulse  gene¬ 
ration  were  found.  At  optimal  conditions  the  width  of  generated 
pulses  Tp  can  be  evaluated  as  Tp~|daK/dW2|  L/Tp(L  is  the  fiber 
length,  is  the  pump  pulse  width).  The  minimum  pulse  width  is 
limited  b^  SRS-gain  line  width  (in  silica  fibers ~ 100/ fs/).  Con- 
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Figure  1. 


version  efficiency  of  pump  energy  into  SRS  radiation  can  be  >80%. 

On  the  other  hand  the  optimum  value  of  feed-back  (the  ratio  bet¬ 
ween  SRS  energy  at  fiber  output  and  energy  coupled  back  into  the 
fiber)  is  ~  10-3  .mp^g  means  that  practically  all  energy  of  SRS 
radiation  can  be  taken  out  from  the  cavity  as  a  laser  output. 
Figure  2a  shows  the  dynamics  of  passage  by  passage  evolution  of 
laser  generation  from  spontaneous  noise  level  calculated  on  a 
computer.  It  can  be  seen  that  the  stable  generation  regime  sets 
in  already  after  ~  20  cavity  round  trips.  In  a  steady  state  ge¬ 
neration  tne  SRS  pulse  at  fiber  output  has  a  rectangular  shape 
with  a  width  of  about  a  pump  pulse  width  and  a  linear  chirp 
these  pulses  are  compressed  in  a  dispersive  delay  line. 

CW  mode-locked  at  125  MHz  Nd:YAC  laser  (X  =  1.06  /pm/ ,%  p=60/ps/) 
was  used  as  a  pump.  Figure  2b  demonstrates  obtained  results  on  dyna¬ 
mics  of  passage  by  passage  setting  in  of  laser  generation  (fiber 
length  110  m)  after  the  pump  is  switched  on. In  agreement  with 
theory,  stable  generation  of  440/fs/pedestal  free  pulses  sets  in 
after  first  few  tens  of  cavity  round  trips.  Pump  energy  conver¬ 
sion  into  Raman  generation  was~30%  at  average  pump  power  ~1/W/. 
SRS  pulse  at  fiber  output  has  a  rectangular  shape  with  23/ps/ 
width.  The  evaluated  feed-back  index  was  ~10-3.  Energy  transmis¬ 
sion  of  the  dispersive  delay  line  was^20%,  laser  output  losses 
(reflection  of  the  beamsplitter  BS)  was  17%  while  the  average 
output  power  was  10-15  /mW/.  Having  transmission  of  a  delay  line 
M  80-90%  and  feed-back  coupling  efficiency  >  30%  the  reflection 
of  a  beamsplitter  can  be  increased  up  to  >90%.  Under  these  con¬ 
ditions  the  average  output  power  of  our  laser  will  increase  up  to 
>  0.2/W/  and  at  pumping  powers  10/W/  the  output  will  be  a  few  watts. 
Smooth  tuning  of  generated  wavelength  inside  the  first  Stokes  com¬ 
ponent  X =1 . 07-1-12/pm/  was  carried  out  by  tuning  the  spectral  slit 
and  adjusting  the  laser  cavity  length  by  the  mirror  M  .  With  an 
additional  mirror  m5  and  a  slit  S2  we  had  a  smoothly-4  tuned  se¬ 
cond  Stokes  generation  in  the  region  of  X  = 1 . 15-1 . 18/pm/ .  Having 
a  110/m/  long  fiber  the  pulse  width  was  400/fs/  and  1.5/ps/  on 
the  first  and  second  Stokes  components  respectively.  Comparatively 
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figure  2.  Theoretical  (a)  and  experimental  (b)  results 
on  dynamics  of  evolution  of  laser  generation 
versus  N  -cavity  round  trips 


Figure  3. 


large  pulse  width  on  the  second  SRS  component,  in  our  opinion,  can 
be  explained  by  an  insufficient  pump  power  coupled  into  the  fiber 
( <2/W/ ) .  Stable  150/fs/  generation  was  obtained  on  the  first 
Stokes  component  with  the  30/m/-long  fiber  (Figure  3). 


In  experiments  on  forward  and  backward  SRS-ampl i f icat ion  a  cw 
Q-switched  Nd:YAG  laser  (repetition  rate  <30/KHz/)  and  a  cw  Q- 
switched  and  mode-locked  Nd:YAG  laser  were  used,  respectively. 
400/fs/  pulses  were  preliminarily  dispersively  broadened  in  the 
100/m/-long  fiber  up  to  20/ps/. After  amplification  to  the  energy 
of  about  /pj/  the  pulses  were  compressed  in  the  dispersive  delay 
line  to  500-600/ f s/  [5]. 

Literature 


1.  R.H. Stolen:  Fiber  and  Integrated  Optics,  3,  21  (1980). 

2.  J.D. Kafka,  O.F.Head,  T.Baer:  In  Ultrafast  Phenomena  V.(New  York:Springer 
Ver lag  ,  1986 )  p  .  51 

3.  E.M.Dianov,  P.V.Mamyshev,  A. M. Prokhorov, D.G.Fursa: JETP  Lett. ,45,599  (1987) 

4.  E.A.Golovchenko,  E.M.Dianov,  P.V.Mamyshev,  A. M. Prokhorov,  D.G.Fursa: 
submitted  to  J . Opt . Soc ■ Am . B . 

5.  E.M.Dianov,  P.V.Mamyshev,  A. M. Prokhorov,  D.G.Fursa:  Pi s ' ma  Zh . 
Eksp ■ T  eor . Fiz  .  46,  383  (  1987)  [JETP  Lett.]. 


43 


Compression  of  the  High  Energy  Pulsed  Mode-Locked 
Nd:YLF  and  NdrYAG  Lasers 

P.H.  Chiu,  P.  Pax,  and  R.  Aubert 

Quantel  International,  3150  Central  Expressway, 

Santa  Clara,  CA  9505 1 ,  USA 


1.  Introduction 

Optical  pulse  compression, utilizing  fiber/grating  pairs  and/or  intracavity  prism  pairs  is  the  most 
recent  advanced  technique  in  generating  ultrashort  pulses1.  The  pulse-compression  methods 
have  been  demonstrated  in  a  number  of  experiments  using  CW  mode-locked  dye  lasers  and 
Nd:YAG  laser  in  both  picosecond  and  femtosecond  regime2,2  However,  little  work  has  been  done 
on  compressing  the  optical  pulse  from  the  high  energy  pulsed  mode-locked  lasers.  In  this  paper, 
we  report  compressing  the  pulsed  mode-locked  Nd:YLF  and  Nd:YAG  lasers  by  a  combination  of 
compression  methods. 

2.  Compression  of  NdrYLF  pulses  using  intracavity  Brewster 
angle  prism  pair 

We  have  investigated  a  number  of  materials  capable  of  generating  ultrashort  pulses  at  higher 
repetition  rates.  By  simply  replacing  the  Q-switching  dye  #  1  (9740)  with  the  fast  recovery  dye  #5 
with  very  little  modification  of  the  laser  cavity,  we  have  shortened  the  pulsewidth  of  the  laser  by 
approximately  a  factor  of  2  (see  Table  1).  We  have  also  reported  previously  obtaining  7ps  (FWHM) 
from  a  Nd:YLF  laser4.  Recently  when  a  prism  pair  is  introduced  inside  the  cavity,  a  near  bandwidth 
limited  pulse  of  2ps  from  the  same  laser  was  observed.  This  is  attributed  to  the  prism  pair  creat¬ 
ing  a  negative  dispersion  inside  the  cavity  to  compensate  for  the  positive  dispersion  due  to  the 
thermal  effect  of  the  rod.  Figure  1  demonstrates  that  the  pulse  duration  of  the  Nd:YLF  .user 
decreases  as  the  amount  of  quartz  introduced  inside  the  cavity  increases.  The  thickness  of  the 
quartz  inserted  in  the  cavity  varies  from  approximately  1  mm  to  1 0mm.  On  the  top  of  Figure  2.  the 
separation  of  the  two  main  peaks  is  measured  to  be  2.5ps  which  corresponds  to  the  round  trip 
time  of  the  250  micrometer  etalon  output  coupler  of  the  laser.  A  small  amount  of  dye  #  1  was 
mixed  with  dye  #5  to  achieve  a  better  stability  (<  ±3%).  A  similar  effect  has  also  been  observed 
in  a  Nd:YAG  laser  where  a  bandwidth  limited  pulse  as  short  as  7ps  is  obtained. 

Table  1 


SUMMARY  OF  RESULTS  ON  ACTIVE/PASSIVE  MODE-LOCKED  USERS 


Material 

Lasing 

Fluorescence 

Dye 

Pulsewidth 

Stability 

length 

bandwidth 

(FWHM) 

(peak-to-peak) 

NdiYAG 

1 .064y.ni 

4cm'1 

9740 

30ps 

±2.0% 

5 

15ps 

±2.0% 

Nd:YLF 

1.053/ 

12cm'1 

9740 

12-14ps 

±2.5% 

1.047ym 

5  +  9740 

3-4ps 

±2.5% 

Nd:YAP 

1  079ym 

10cm'1 

5 

lOps 

±  3.0% 

Nd:Cr:GSGG 

1.061ym 

10cm'1 

5 

8-1  Ops 

.... 
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3.  Compression  of  Second  Harmonic 
Pulse  from  a  mode-locked  NdrYAG 
laser. 

We  also  report  the  compression  of  20ps  (FWHM) 
second  harmonic  pulse  from  a  Nd:YAG  laser  to 
5ps  (FWHM)  using  a  standard  fiber/grating  pair 
compressor.  The  experimental  set-up  is  shown  in 
Figure  2.  Approximately  1  %  of  30m J,  532nm  single 
pulse  is  selected  for  the  pulse  compression.  The 
spectral  and  temporal  characteristics  of  the  pulses 
before  and  after  the  fiber  are  respectively 
monitored  by  the  grating  spectrometer  (Mcpher- 
son  model  270,  resolution  0.3A)  and  the  Hamamat¬ 
su  streax  camera  with  2ps  time  resolution.  The 
input  beam  is  focused  by  a  75mm  f.l.  lens  into  a 
approximately  300  micrometers  spot.  The  focused 
spot  is  about  10mm  away  from  the  entrance  face 
of  the  fiber  in  order  to  avoid  damaging  it.  The  input 
beam  is  spatially  filtered  and  energy  to  the  fiber  is 
controlled  by  a  set  of  neutral  density  filters.  We 
selected  a  high  damaged  threshold  UV  stepped 
index  filter  with  core  diameter  of  100  micrometers 
in  our  experiment. 

This  fiber  can  accept  at  least  10  times  more  ener¬ 
gy  than  the  graded-index  fiber  (50mm  core)  and  2  or  more  orders  of  magnitude  than  can  a  single 
mode  fiber  (5mm  core).  We  have  delivered  energy  as  much  as  20|iJ  through  this  filter  without 
damaging  it.  Since  the  length  of  the  fiber  used  in  the  experiment  is  roughly  one  meter,  the  group 
velocity  dispersion  influence  can  be  neglected.  Figure  3  shows  the  spectrum  of  the  pulse  before 
and  after  the  fiber  at  the  input  energy  of  IOjxJ  with  the  time-bandwidth  product  2  to  3  times  above 
the  transform  limit.  It  was  found  that  the  width  of  the  chirped  pulse  follows  linearly  with  the  input 
energy.  Figure  4  shows  the  input  and  compressed  532nm  pulsewidth  under  the  same  condition. 
The  measured  temporal  variation  of  the  compressed  pulses  was  not  more  than  ±  ips. 


Figure  1 
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Figure  2  Experimental  Set-up 
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Figure  3  (a)  Spectrum  of  Input  Laser  Pulse 

(b)  Spectrum  of  Chirped  Pulse 


4.  Results  on  Dye  Laser  Pumping 

By  using  the  compressed  pulsed  of  532nm  pulses  to  pump  the  newly  designed  electromagneti- 
cally-tuned  short  cavity  dye  oscillator  and  the  rest  of  the  uncompressed  pulse  to  pump  the  four- 
stage  amplifer  chain5  we  obtained  dye  laser  pulses  less  than  2ps  with  energy  as  high  as  5mJ  at 
600nm  region.  Energy  as  high  as  1  mJ  at  380nm  was  achieved  by  mixing  the  fundamental  and  the 
dye  laser  pulse  through  a  KDP  crystal.  We  also  obtained  an  8%  energy  efficiency  conversion  with 
the  blue  and  green  dyes  between  the  400nm  to  560nm  region.  Doubling  efficiency  better  than 
1 3%  was  achieved  with  input  single-mode  dye  laser  energy  of  0.5mJ  at  490nm  region  when  a  thin 
type  I  BBO  crystal  (1 .0-1  5mm)  was  used. 
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Optical  pulse  compression  has  become  a  very  important  technique  in  the  generation 
of  picosecond  and  femtosecond  pulses.  What  has  now  become  the  standard  approach 
involves  launching  pulses  down  single  mode  optical  fibers  where  they  are  chirped  by  self¬ 
phase  modulation  (SPM)  and  subsequently  passing  them  through  a  dispersive  delay  line, 
such  as  a  diffraction  grating  pair,  where  the  compression  actually  lakes  place  [1],  In 
the  sense  that  there  is  no  power  released  into  the  pulse  from  the  fiber  or  any  external 
source,  the  process  is  passive. 

In  spite  of  its  popularity  and  effect ivencss,  passive  pulse  compression  suffers  from 
several  disadvantages.  First,  owing  to  the  nonlinear  origin  of  self-phase  modulation, 
fairly  high  peak  powers  arc  required  to  obtain  sufficient  spectral  broadening  for  high 
compression  ratios.  This  limits  its  usefulness  to  high  power  lasers  which  tend  to  be 
physically  large  with  commensurate  power  and  cooling  requirements.  Second,  the  spec¬ 
tral  broadening  produced  by  SPM  is  intensity  dependent  and  therefore  amplitude  noise 
on  the  input  pulse  stream  leads  to  enhanced  output  amplitude  noise  and  pulsewidth 
fluctuations  [2],  Finally,  in  spectral  regions  where  group  velocity  dispersion  is  negligi¬ 
ble,  the  induced  chirp  is  linear  only  over  the  centra)  part  of  the  pulse  and  this  leads  to 
the  formation  of  a  pedestal  when  compressed  by  a  quadratic  dispersive  delay  line  [1,3'j. 

In  contrast  to  the  passive  interaction  of  SPM,  we  have  taken  the  approach  of  ac¬ 
tively  chirping  the  optical  pulses  with  clcctro-optic  phase  modulators  (4-7).  With  tjic 
development  of  high  efficiency  integrated  optical  phase  modulators,  substantial  chirp 
rates  can  be  impressed  on  optical  pulses  by  using  microwaves  at  modest  power  levels. 
Since  the  process  is  independent  of  the  optical  power,  it  lends  itself  well  to  low  power 
solid  state  lasers.  Also,  by  adjusting  the  period  or  the  modulating  waveform  with  re¬ 
spect  to  the  input  pulsewidth,  a  linear  chirp  can  be  maintained  over  the  whole  pulse 
envelope.  These  features,  combined  with  a  linear  sensitivity  to  amplitude  fluctuations, 
make  active  pulse  compression  an  attractive  alternative  for  generating  ultrashort  light 
pulses. 

In  an  ideal  electro-optic  phase  modulator,  an  optical  pulse  will  copropagate  with 
a  microwave  field  in  a  region  where  that  field  varies  quadratically.  The  pulse  will 
then  accumulate  a  quadratic  phase  shift  or  retardation  which  is  proportional  to  both 
the  strength  of  the  field  and  the  duration  of  the  interaction.  The  total  accumulated 
retardation  can  be  described  by  an  overlap  integral  that  sums  the  contribution  of  the 
clectro-optically  induced  phase  shift  along  the  path  of  propagation.  Using  a  traveling- 
wave  coordinate  system  centered  on  the  optical  pulse  allows  us  to  observe  the  effects  on 
the  pulse  as  a  function  of  the  propagation  distance  x.  For  a  sinusoidal  modulating  field 
in  one  spatial  dimension,  the  integral  takes  the  form 
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ujm  is  the  modulation  frequency,  and  0  is  an  inital  phase  offset  between  the  pulse  and  the 
modulating  field.  A  is  the  peak  phase  deviation  or  modulation  index,  f  =  t—x/vgo  is  the 
traveling  wave  variable  centered  on  the  optical  pulse  moving  at  velocity  vgo  and  A <j>  is  the 
walkoff  due  to  the  mismatch  between  the  optical  group  velocity  vsu  and  the  microwave 
phase  velocity  u,,m.  The  effect  of  velocity  walkoff  is  twofold.  First,  the  amplitude  is 
reduced  in  a  sinx/x  fashion,  characteristic  of  non-phasematched  harmonic  generation. 
Second,  the  phase  of  the  final  retardation  is  shifted  which  causes  the  region  of  quadratic 
phase  to  no  longer  be  centered  on  the  optical  pulse.  This  effect  can  be  compensated 
for  by  injecting  the  pulse  into  the  modulator  with  an  initial  offset  0  =  ~ A<j>/2.  The 
amplitude  reduction,  however,  cannot.  Equation  (1)  is  plotted  in  Fig.  1  for  the  case 
of  no  velocity  mismatch  (solid  cosine)  and  two  cases  of  mismatch  producing  walkoffs  of 
A< i>  =  ±tt/2.  The  Gaussian  curve  in  the  center  represents  the  optical  pulse. 

Wo  can  calculate  the  performance  of  active  pulse  compressors  by  Fourier  trans¬ 
forming  the  chirped  pulse  and  applying  the  effect  of  a  quadratic  dispersive  delay  line  to 
cancel  the  imaginary  part  of  the  phase.  Assuming  no  velocity  walkoff  and  a  Gaussian 
input  pulse,  wc  arrive  at  the  following  expression  for  the  pulse  compression  ratio: 


n 

To 


7r3/V 
vw  In  2 


(2) 


where  t,  and  t„  are  the  input  and  output  pulscwidths,  respectively,  T  is  the  modulation 
period,  and  f-l/T.  The  right  hand  side  of  this  expression  is  the  form  for  large  mod¬ 
ulation  index.  It  is  interesting  to  sec  that  the  comprcsion  ratio  scales  as  the  square  of 
the  modulation  frequency  for  a  fixed  input  pulscwidth.  This  is  a  reflection  of  the  dc- 


Fig.  1. 
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Retardation  as  a  function  of  velocity  walkoff.  Solid  cosine:  no  walkoff;  dashed 
cosines:  walkoff  of  ±rr/2;  solid  Gaussian:  optical  pulse  envelope. 


pendence  of  the  chirp  rate  on  the  ‘curvature’  of  the  driving  waveform.  We  also  notice  in 
(2)  the  dependence  on  T/r ,,  the  ratio  of  the  microwave  period  to  the  input  pulsewidth. 
Clearly,  the  best  compression  ratio  is  obtained  by  spreading  the  pulse  over  the  largest 
region  of  quadratic  phase.  However,  when  sinusoids  are  used  as  the  driving  waveform, 
one  is  limited  by  the  higher  order  terms  far  away  from  the  center  of  the  cusps.  We 
have  found  a  practical  limit  of  T/r,  «  6  for  producing  clean  compressed  pulses.  Input 
pulsewidths  larger  than  this  have  enough  energy  outside  the  quadratic  portion  of  the 
RF  cycle  to  induce  nonlinear  chirp  and  hence  are  not  effectively  compressed  by  a  simple 
quadratic  delay  line. 

We  recently  demonstrated  this  technique  by  compressing  the  pulses  from  a  mode- 
locked  Nd:YAG  laser  from  100  ps  to  45  ps  [6].  The  RF  drive  waveform  had  a  frequency 
of  3.365  GHz  with  a  peak  power  of  about  0.5  watt.  The  average  power  was  reduced  to 
below  10  mW  because  the  higher  average  power  appeared  to  heat  the  electrodes  and 
impair  waveguiding.  Under  these  conditions,  the  modulation  index  was  approximately 
5  and  was  limited  by  the  available  peak  drive  power.  The  delay  line  was  constructed 
from  a  single  1800  line/mm  diffraction  grating  used  in  a  four-pass  arrangement  [8]  at 
grazing  incidence.  The  optimum  grating-grating  spacing  was  found  to  be  1  meter  which 
is  equivalent  to  2  meters  in  a  single-pass  two  grating  configuration.  Using  the  gratings 
at  grazing  incidence  resulted  in  a  very  low  throughput  efficiency  of  several  percent  but 
was  necessary  because  of  the  weak  chirp  rate.  Increasing  the  modulation  index  thus 
has  the  double  advantage  of  better  compression  ratio  and  higher  efficiency  since  the 
gratings  could  then  be  used  at  less  acute  angles. 

Active  pulse  compression  is  very  attractive  for  use  with  low  power  solid  state  and 
semiconductor  diode  lasers.  It  is  interesting  to  consider  what  is  required  to  generate  1 
picosecond  pulses  using  this  technique.  For  the  moment  let  us  neglect  the  problem  of 
inherent  chirp  in  gain-switched  diode  lasers  and  assume  wo  can  generate  30  ps  pulses 
from  such  a  device.  We  choose  T /r;=6  for  clean  pulses  which  implies  a  driving  frequency 
of  5.6  GHz.  To  get  to  1  ps  requires  a  compression  ratio  of  30:1  and  from  (2)  this  implies 
a  modulation  index  of  A=76.  With  10  watts  peak  drive  power  and  a  500  transmission 
line,  the  modulator  needs  a  half-wave  voltage  of  Vr  =  1.3  volts.  This  does  not  seem 
unreasonable  and  we  anticipate  that  such  a  modulator  can  be  constructed. 
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1.  Femtosecond  pulse  compression  by  induced  pnase-modul ation 

The  technique  of  pulse  compression  utilizing  self  phase-modulation  (SPMT) 
has  the  disadvantage  that  it  is  impossible  to  control  separately  the 
modulation  characteristics  (i.e.  the  chirping  intensity  and  linearity,  the 
dispersion's  sign  and  value,  and  the  modulation  fluctuation)  and  the 
parameters  (i.e.  the  power,  the  wavelength  and  spectral  shape,  the  temporal 
duration  and  shape,  the  chirping  characteristics  and  the  intensity  fluctua¬ 
tion)  of  the  input-pulse  to  be  compressed.  In  practice  the  SPMT  cannot  be 
applied  to  compression  of  an  ultrashort  pulse  at  the  wavelength  where  it  is 
difficult  to  generate  a  high  peak-power  pulse.  In  addition,  the  SPMT  does 
not  allow  us  to  adjust  finely  and  independently  the  chirping  intensity  and 
linearity.  Furthermore,  the  temporal  fluctuation  of  the  highly-amplified 
input  pulse  in  the  SPMT  causes  severe  fluctuation  of  the  compressed  pulse 
because  of  the  effect  of  the  multiplication  of  the  modulation  fluctuation 
and  the  intensity  fluctuation  of  the  pulse  to  be  compressed.  In  order  to 
overcome  the  disadvantage,  we  propose  a  compression  technique  utilizing 
induced  phase-modulation  [1],  where  the  I  -pulse  with  a  high  peak-power 
inducing  the  phase-modulation  and  the  I. -pulse  with  a  low  and  stable 
peak-power  to  be  compressed  arc  independently  propagated  in  a  single-mode 
fiber  followed,  usually  but  not  always,  by  a  grating  pair  (1PMT).  The 
results  of  a  computer  analysis  based  on  two  nonlinear  Schrodinger  equations 
[2]  are  presented  for  typical  cases. 

In  case  A  (the  same  630  nm  -  wavelength  for  the  I;-  and  I  -pulses),  it 
is  found  that  the  70.7  fs,  100  W  I  -pulse  is  compressed  to  5  fs  (or  15  fs) 
by  the  modulation  induced  by  the  100  fs,  1  MW  (or  100  kw)  I  ,-pulse  followed 
by  a  grating  pair.  This  means  that  a  compression  ratio  comparable  to  the 
case  of  the  SPMT  is  observed.  In  case  B  (the  wavelengths  different  in  the 
normal  dispersion  region  for  the  I,-  and  I  -pulses),  the  70.7  f  s ,  100 
I; -pulse  at  315  (SH  pulse),  550  or  800  nm  are,  respectively,  compressed  to 
15,  12  or  13  fs  by  the  same  I,  -pulse  with  the  delay  time  adjustment  of  10. 
8.5  or  -10  fs.  The  compressed  pulse-duration  becomes  longer  due  to  the 
walk-off  between  those  pulses  in  comparison  with  case  A,  which  is  presumab¬ 
ly  avoided  by  using  a  combination  of  a  phase-matching  fiber  and  two  cross¬ 
polarization  beams.  In  case  C  (the  wavelength  different  in  the  normal 
(I. -pulse  at  1.06  .  m)  and  anomalous  (I  -pulse  at  1.5  ;.m)  regions),  the 
20  ps ,  1  W  I  -pulse  is  compressed  to  1.8  ps  (or  1.5  ns)  by  only  the  fiber 
propagation  with  the  modulation  by  the  20  ps,  100  W  (or  10  kW)  I  -pulse  in 
the  case  of  group-vel oc i ty  matching  (or  of  the  walk-off). 

From  the  above  analysis,  we  find  the  IPMT  has  the  following  advantages: 
(1)  one  can  select,  as  the  I.  modulation  pulse,  a  pulse  of  a  wavelength  so 
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that  the  high  peak-power  and  ultrashort  pulse-duration  are  easily  generated 
(e.g.  630  nm  or  1.06  uni) ,  while  as  the  I?-pulse  to  be  compressed  a  pulse  of 
low  and  stable  peak-power  at  any  different  wavelength  can  be  selected;  (2) 
when  the  wavelength  of  the  I2-pulse  is  in  the  anomalous-dispersion  region, 
the  weak  I2-pulse  such  as  a  semiconductor  laser  pulse  is  compressed  by  the 
fiber  propagation  only;  (3)  while  monitoring  the  rapid-scanning  auto¬ 
correlation  traces  of  the  compressed  Impulse  on  an  oscilloscope,  the  fine 
adjustment  for  the  modulation  characteristics  can  be  independently  done 
without  changing  I2  input-pulse  parameters;  (4)  the  severe  fluctuation  of 
the  compressed  pulse  due  to  the  above-mentioned  multiplication  effect  in 
the  SPMT  can  be  avoided  since  a  very  stable  I;-pulse  of  a  low  peak-power 
can  be  utilized.  The  latter  two  points  are  the  most  important  for  the 
compression  of  ultrashort  pulses  in  the  femtosecond  time-region  where  the 
higher-order  dispersion  effect  and  the  temporal  pulse-fluctuation  severely 
affect  the  practical  compression  ratio. 


2,  Organic  fibers  for  a  femtosecond  pul se  compressor 

The  compression  ratio  by  the  SPMT  is  determined  by  the  intensity  of 
incident  pulses,  the  nonlinear  refractive  index  (NR1)  of  the  fiber  glass 
and  the  group  velocity  dispersion  (GVO)  [3].  Some  kinds  of  organic  materi¬ 
als  (e.g.  benzene  derivatives)  are  attractive  candidates  for  a  compressor 
of  low  peak-power  ultrashort  pulses  becauses  of  its  extremely  large  NR  I 
contributed  by  -electrons  [4]  and  moderate  GVD.  We  report  an  experimental 
study  on  the  properties  of  organic  fibers  in  the  femtosecond  region. 

Our  fibers  consist  of  a  1  cm  long  fused-quartz  capillary  and  a  4  ,.m 
radius  organic-liquid  core.  Sample  (a)  is  a  multimode  fiber  of  pure  nitro¬ 
benzene  and  Sample  (b)  is  a  single-mode  one  of  a  mixture  of  2-methyl-4- 
ni troani 1 ine,  nitrobenzene  and  ethanol.  In  both  of  (a)  and  (b),  electronic 
(fast-response)  NR  I  and  GVD  are  expected  to  be  about  70  times  and  3  times 
of  those  in  a  glass  fiber,  respectively. 


Figure  1  shows  typical  results  of  the  background-free  autocorrelation 
measurements.  The  peak-power  of  the  incident  pulse  (i  ;  a  colliding  pulse 
mode-locked  ring  laser)  in  the  fibers  is  not  so  strong  that  self  phase- 
modulation  (SPM)  occurs.  The  output-pulse  of  Sample(a)  is  broadened  by  not 
only  material  GVD  but  also  additional  mode-dispersion.  That  of  Sample(b) 
is  much  shorter  and  is  really  recompressed  (r)  by  the  negative  GVD  of  a 
grating-pair. 


DELAY(ts) 


Fig.l  Non-col  1 i near  SHG  autocorrelation  traces  of  the  incident  pulse  (i), 
the  transmitted  pulses  through  the  organic  fibers  (a,  b)  and  the  recom¬ 
pressed  pulses  (r) . 
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Fig. 2  Spectra  of  the  incident  pulses  (dashed  curves)  and  the  modulated 
pulses  (solid  curves).  Peak-power  of  the  incident  pulses  is  also  shown. 


The  spectrum-broadening  by  SPM  is  measured  by  amplified  and  GVD- 
compensated  70  fs  pulses  (the  repetition  rate:  10  pps),  as  shown  in  Fig. 2. 
Curve  (g)  is  the  result  of  the  single-mode  glass  fiber.  In  Sample  (a),  a 
large  asymmetric  broadening  to  the  longer-wavelength  side  occurs.  Here, 
the  mode-dispersion  enhances  a  contribution  of  the  slow-response  NR  I  by 
molecular  reorientation.  In  Sample  (b),  the  observed  modulation  is  similar 
to  that  in  (g)  by  the  fast-response  NRI ,  where  the  incident  peak-power  is 
lower  about  one  order  of  magnitude.  The  pulse  of  (g)  is  compressed  to 
32  fs  by  a  grating-pair.  However,  the  temporal -characters  of  modulated- 
outputs  of  organic  fibers  cannot  be  measured  because  of  the  lower  peak- 
power.  We  consider  that  a  high-repetition  laser  (e.g.  a  cavity-dumped 
laser)  is  a  suitable  source  for  organic-fiber  compression. 
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by  Cross-Phase  Modulation  in  Optical  Fibers 
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Modulation  instability  (MI)  refers  to  the  sudden  break-up  of 
waves  propagating  in  nonlinear  dispersive  media.  MI  is  a 
possible  method  to  generate  ultrashort  pulses  with  gigahertz 
and  terahertz  repetition  rates  [1].  Tai  et  al .  have  observed 
the  generation  of  '■OO  fsec  pulses  at  1.319  um  with  a  0.3  THz 
repetition  rate  [2,3].  Recently,  Agrawal  suggested  that  a  new 
kind  of  modulation  Instability  can  occur  even  in  the  normal- 
dispersion  regime  when  two  copropagating  fields  interact  with 
each  other  through  the  nonl i near  1 1 y-i nduced  cross-phase 
modulation  [  *1  ]  . 

In  this  paper,  we  report  the  first  observation  of  such  a 
modulation  instability  initiated  by  cross-phase  modulation  in 
the  normal -di spersion  regime  of  silica  optical  fibers.  MI  is 
observed  at  532  nm  by  propagating  intense  mode-locked 
picosecond  pulses  or  Q-switched  nanosecond  pulses  in  short 
lengths  of  a  single-mode  optical  fiber.  Modulation-instability 
sidebands  appear  in  the  pump  spectrum  as  a  result  of  cross¬ 
phase  modulation  induced  by  the  simultaneously  generated  Raman 
pulses . 

Figure  1  shows  spectra  of  intense  25-ps  pulses  recorded  for 
different  fiber  lengths.  Figure  1 -a  is  the  reference  spectrum 
of  low-intensity  pulses.  Figures  1 -b  and  1 -c  show  spectra 
measured  at  about  the  modula t i on- 1  ns  tab i 1 1 ty  threshold  for 
fiber  lengths  of  3  m  and  0.8  m,  respectively.  The  latter  two 
figures  show  modulation-instability  sidebands  on  both  sides  of 
the  laser  wavelength  at  532  nm ,  and  the  first-order  stimulated 
Raman  scattering  (SRS)  line  at  5AH.5  nm .  Notice  that  the 
frequency  shift  of  sidebands  is  larger  for  the  shorter  fiber. 
Secondary  sidebands  were  also  observed  for  pulse  energies  well 
above  the  modulation  instability  threshold  and  longer  optical 
fiber  lengths.  According  to  the  theory,  modulatlonal 
instability  at  this  wavelength  is  possible  only  if  there  is  a 
cross-phase  modulation  Interaction  C 4 ] .  As  shown  in  Fig.  1, 
modulat i on- 1  ns tabi 1 i ty  sidebands  were  observed  only  in  presence 
of  stimulated  Raman  scattering  light.  Moreover,  it  has  been 
recently  demonstrated  that  cross-phase  modulation  is  Intrinsic 
to  the  SRS  process  [5,7]. 

To  strengthen  our  conclusion  that  the  sidebands  arise  from 
the  modulation  instability  induced  by  cross-phase  modulation, 
we  have  measured  and  compared  with  theory  the  dependence  of 
sideband  shifts  on  the  fiber  length.  For  this  measurement,  we 
used  10-ns  pulses  from  a  Q-switched  Nd:YAG  laser  to  ensure  the 


Springer  Series  in  Chemical  Physics,  Vol.48:  Ultrafast  Phenomena  VI 
Editors:  T.  Yajirna  •  K.  Yoshihara  •  C.B.  Harris  •  S.  Shionoya 
©  Springer-Verlag  Berlin  Heidelberg  1988 


53 
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Figure  2.  Sideband  shift  versus 
fiber  length  near  the  modulation 
instability  threshold.  The  solid 
line  is  the  theoretical  fit 


WAVELENGTH  (nm) 


Figure  1.  XPM-induced  modulation 
Instability  sidebands  for 
different  fiber  lengths.  The 
laser  line  is  at  532  nm  and  the 
Raman  line  at  5  4  4 . 5  nm  ; 

a)  reference  spectrum; 

b)  measured  spectrum  near  the  Mi 
threshold  for  L*3  m;  c)  L*0.8  m 


quasi-CW  operation.  The  spectra  were  similar  to  those  obtained 
with  25-ps  pulses  (Fig.1).  As  shown  in  Fig. 2,  the  sidelobe 
separation,  defined  as  the  ha  1 f -d i s t ance  between  sideband 
maxima,  varied  from  1.5  nm  to  8.5  nm  for  fiber  lengths  ranging 
from  *1  m  to  0.1  m,  respectively.  The  energy  of  input  pulses  was 
approximately  set  at  the  modulation  instability  threshold  for 
each  fiber  length.  The  solid  line  in  Fig. 2  corresponds  to  the 
theoretical  fit.  As  discussed  in  [ H ] ,  the  maximum  gain  of 
modulation  instability  sidebands  is  given  by  G-k"w2  where  w  is 
the  sideband  frequency  shift.  Thus,  the  power  of  a  sideband  for 
an  optical  fiber  length  L  is  given  by 

P(w, L)  -  Pn  exp (k"w2  L)  ( 1 ) 

where  Pn  is  the  initial  spontaneous  noise  and  k"  is  the  group 
velocity  dispersion  at  the  laser  frequency. 

For  such  amplified  spontaneous  emission,  it  is  common  to  define 
a  threshold  gain  Go  by 


Po(L)  »  Pn  exp(Go) 


where  Po  is  the  sideband  power  near  threshold  such  that  each 
sideband  contains  about  10J  of  the  input  energy.  A  typical 
value  for  Go  is  16.  [2] 


5' 


From  (1)  and  (2),  the  dependence  of  the  sideband  shift  with  the 
fiber  length  near  threshold  is  given  by 

1  /2 

w  -(Go/k"L)  .  (3) 


At  532  nm ,  the  group  velocity  dispersion  is  k"-0.06  ps^/m  Using 
this  value  and  Go-18.1  in  (3).  we  obtain  the  theoretical  fit 
shown  in  Fig. 2  (solid  line).  The  good  agreement  between  the 
experimental  data  and  the  theory  of  modulation  instability 
supports  our  belief  that  we  have  observed  cross-phase- 
modulation-  i  nduced  modulation  instability,  as  predicted  in  [4]. 

The  maximum  sideband  shift  shown  in  Fig. 2  is  8.5  nm ,  which 
corresponds  to  the  generation  of  sub-100-fsec  pulses  within  the 
envelope  of  the  10-ns  input  pulses  with  a  repetition  rate  of 
about  8.5  THz.  Even  though  autocorrelation  measurements  were 
not  possible,  because  of  the  low  repetition  rate  (10Hz)  needed 
to  generate  pulses  with  kW  peak  powers,  we  believe  that  we  have 
generated  for  the  first  time  modulation  instability  subpulses 
shorter  than  100  fs. 

The  research  at  CCNY  is  supported  in  part  by  Hamamatsu 
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Femtosecond  Continuum  Generation  in  Fibers  Near  1.6  /rm 
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We  report  the  generation  of  continuum  with  >  lOOfsec  duration 
between  1.55  and  1.85/im  in  a  fiber  pumped  by  a  color  center  laser  (CCL). 
Working  in  the  anomalous  group  velocity  dispersion  (GVD)  regime  of  fibers, 
several  groups  have  generated  short  pulses  with  extremely  broad  bandwidth 
,  which  they  attribute  to  stimulated  Raman  scattering  [1].  However,  our 
experiments  and  computer  simulations  show  that  the  continuum  evolves 
from  multi-soliton  collisions  resulting  from  modulation  instability  (MI)[2] 
and  soliton  self-frequency  shift  (SSFS)  effects  [3],  We  demonstrate  the 
utility  of  the  continuum  for  spectroscopy  by  using  the  continuum  in 
pump-probe,  absorption  saturation  experiments  in  InGaAs/InP  multiple 
quantum  wells. 

In  the  anomalous  GVD  regime,  an  intense,  broad  pulse  is  unstable  to 
perturbations,  and  will  try  to  break  up  into  a  train  of  solitons.  MI  ampli¬ 
fies  a  weak  signal  or  perturbation  through  the  interplay  between  anomalous 
GVD  and  the  fiber  nonlinearity.  As  MI  starts,  both  upper  and  lower  side¬ 
bands  are  generated  symmetrically  about  the  pump,  and  the  beat  frequen¬ 
cies  compress  through  the  addition  of  more  sidebands.  However,  the  Raman 
or  SSFS  effect  translates  the  envelope  of  the  spectrum  to  longer 
wavelengths,  while  preserving  the  periodicity  of  the  sidebands  [2],  As  the 
solitons  compress  further,  SSFS  causes  a  down  shift  in  the  frequency  of  the 
pulses,  with  a  consequent  shift  in  the  velocity  of  the  solitons.  However,  the 
shift  will  be  nonuniform:  the  solitons  near  the  center  of  the  pump  are  larger 
and  are  generated  sooner  than  the  others.  As  they  accelerate  toward  the 
rear  of  the  pump  pulse,  they  catch  up  with  their  neighbors,  so  that  after  a 
time  there  forms  a  short  region  in  which  a  group  of  the  solitons  collide. 
High  peak  powers  and  narrow  pulses  are  generated  during  these  collisions, 
generally  resulting  in  one  dominant  soliton. 

In  the  experiments  a  modelockcd  NaCl  color  center  laser  provides  the 
X~  1.5/xm  pump  pulses  with  Pvcak^  100W  (in  the  fiber)  and  r~  I2psec  at 
lOOMIIz  repetition  rate.  Following  an  isolator  and  a  telescoping  set  of 
lenses,  the  light  is  coupled  into  a  100m  or  500m  length  of  single  mode, 
polarization  maintaining  fiber  with  a  zero  dispersion  wavelength  of  l.-Il/um. 
The  output  from  the  fiber  is  sent  to  a  scanning  Fabry-Pcrot,  a  spectrome¬ 
ter,  and  an  autocorrclator. 
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Fig.  1  Continuum  spectra  versus  pump  power  from  (a)  100m  and  (b)  500m  fibers 


In  Fig.  la  we  show  the  spectra  for  different  pump  powers  in  a  100m 
length  of  fiber.  As  the  power  is  increased,  the  spectrum  reaches  to  longer 
wavelengths,  but  the  spectral  broadening  slows  down  beyond  1.85pm.  The 
sharp  peak  at  ~  1.51pm  corresponds  to  the  residual  pump,  and  the 
features  between  1.53  and  1.58pm  correspond  to  the  MI  peaks  in  the  lead¬ 
ing  half  of  the  pump  (which  do  not  collide).  At  higher  pump  powers  the 
energy  in  the  continuum  shifts  to  longer  wavelengths  as  SSFS  slides  more 
energy  to  the  Stokes  side.  Note  that  almost  half  of  the  pump  energy  is  in 
the  continuum. 

To  understand  the  temporal  behavior  of  various  parts  of  the  contin¬ 
uum,  we  introduced  band  pass  filters  before  the  autocorrelator.  In  Fig.  2 
we  show  a  typical  autocorrelation  after  a  1.7pm  filter  (band  pass  of  94nm, 
100m  fiber,  P  =  75W).  As  the  pump  is  varied  between  66  W  and  100W, 
the  pulse  width  from  the  100m  fiber  varies  between  145  <  r  <  160  fsec 
after  the  1.7pin  filter,  and  between  116  <  r  <  132  fsec  after  a  1.635pm 
filter  (band  pass  lOOnm).  However,  the  level  of  pedestal  increases  as  we  go 
to  shorter  wavelengths.  For  example,  for  different  filters  we  find  (center 
band  pass  wavelength,  peak-to-pedestal  ratio):  (a)1.57pm,  13:1  ;  (b)l.6pm, 
56:1  ;  (c)l. 635pm,  71:1  ;  and,  (d)  1.7pm,  153:1.  We  believe  that  the  ran¬ 
domly  timed  (since  they  start  from  noise)  MI  solitons  in  the  front  half  of 
the  pump  (which  do  not  collide)  contribute  significantly  to  the  pedestal. 
Furthermore,  for  83W  of  pump  power,  the  measured  peak  powers  after  the 
1.635pm  (1.7pm)  filters  arc  1.78kW  (1.33kW). 

To  show  the  usefulness  of  the  continuum  for  spectroscopy,  we  used 
the  fiber  output  in  pump-probe,  absorption  saturation  experiments  in 
InGaAs/InP  multiple  quantum  wells.  Since  we  use  the  continuum  (after 
appropriate  band  pass  filters)  as  both  the  pump  and  probe,  the  timing  of 
the  femtosecond  pulses  relative  to  the  color  center  laser  pulses  is  unimpor¬ 
tant.  In  Fig.  3  we  show  a  typical  transmission  versus  delay  for  counter- 
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Fig.  2  Autocorrelation  of  pulses  from  100m  fiber  (P=7SW)  after  1.7pm  filter 


Fig.  3  Transmission  versus  delay  from  pump-probe  experiments  in  InGaAs/InP  multi¬ 
ple  quantum  wells  (after  1.6pm  filter) 


propagating  pump  and  probe  pulses.  Wc  use  a  1.6pm  filter  to  pump  and 
probe  near  the  heavy  hole  cxciton  feature  in  the  samples.  The  rise  time  is 
^200fsec,  and  the  decay  t’.ne  is  initially  -~300  fsec,  followed  by  a  much 
slower  recovery.  The  first  recovery  time  results  from  ionization  of  exci- 
tons,  and  the  second  corresponds  to  the  band-to-band  recombination  time. 
Although  the  levels  of  pedestal  are  almost  immeasurable  in  the  autocorrela¬ 
tions,  they  show  up  distinctly  in  the  pump-probe  since  they  are  wide  and 
have  considerable  energy. 

To  see  what  happens  as  the  continuum  propagates  further  in  the 
fiber,  we  studied  the  output  of  a  500m  length  of  identical  fiber.  The  spec¬ 
tra  (Fig.  lb)  reach  out  as  far  as  1.88pm,  which  is  slightly  further  than  in 
the  100m  fiber.  The  threshold  for  the  continuum  is  lower:  even  at  25W  the 
spectrum  reaches  beyond  1.7pm.  Again,  we  see  the  pump  and  MI  peaks, 
but  the  MI  peaks  are  broader.  This  broadening  is  attributable  to  SSFS:  a 
270fsec  pulse  at  X~  1.5pm  down  shifts  by  ~  18nm  in  500m  of  fiber  because 
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of  SSFS.  Unlike  the  100m  fiber  results,  the  spectra  are  almost  flat  at  the 
long  wavelength  side  before  they  roll  off.  However,  the  spectra  show  a 
second  feature  between  1.6  and  1.65pm,  which  may  be  due  to  Raman 
amplification  (~  lOOnm  is  peak  Raman  gain)  by  the  MI  solitons. 

Unlike  the  100m  results,  in  500m  at  P~  P3W  there  is  considerable 
pedestal  for  1.65pm.  Although  the  pedestal  is  as  broad  as  the  pump 
(r~  12psec)  for  the  100m  fiber,  in  500m  the  pedestal  reaches  out  to  beyond 
100  psec.  On  the  other  hand,  at  and  above  1.7pm  the  pulses  from  the  500m 
fiber  show  less  than  200:1  peak-to-pedestal  ratio  in  autocorrelation  (this  is 
the  flat  part  of  the  continuum  in  Fig.  lb).  After  the  1.7pm  filter,  the  pulse 
that  is  153  fscc  at  100m  broadens  to  ~262  fsec  in  500m:  this  is  more  than 
the  broadening  expected  from  linear  loss  for  a  fundamental  soliton.  The 
width  varies  between  262  fsec  at  1.7pm  and  320  fsec  at  1.82  pm. 

The  short  pulse  must  be  a  soliton  to  persist  for  500m,  but  a  soliton 
should  be  transform  limited  (for  lOOfsec  A\~  20nm).  We  hypothesize  that 
the  broad  spectra  in  Fig.l  represent  an  ensemble  average  of  narrow 
~  lOOfsec  pulses  which  have  SSFS’d  differently.  A  100  fsec  pulse  rapidly 
SSFS’s  to  longer  wavelengths  in  a  fiber.  For  example,  if  the  100  fsec  pulse 
width  does  not  broaden,  then  the  pulse  shifts  by  A\~  150nm  in  ~  30m  of 
fiber.  Since  the  process  starts  from  noise,  each  pulse  will  be  formed  at  a 
different  distance  in  the  fiber,  and  will  shift  by  a  different  amount.  After 
we  ensemble  average  over  many  such  pulses,  we  obtain  the  smooth,  contin¬ 
uum  spectra  of  Fig.  I. 

SSFS  acts  like  a  loss  mechanism  as  the  non-soliton  part  separates 
from  the  main  soliton.  A  fundamental  soliton  pulse  adiabatically  broadens 
to  compensate  for  the  lower  pulse  power.  Consequently,  our  pulses  broaden 
as  we  go  to  longer  fibers,  as  wc  increase  the  pump  power,  or  as  we  go  to 
longer  wavelengths.  Furthermore,  the  spectral  broadening  does  r.ot  con¬ 
tinue  indefinitely  because  SSFS  is  a  self-limiting  process.  /Vs  the  pulse 
broadens,  SSFS  slows  down  since  the  shift  A u  ~  1  / r4 .  Also,  for  X  > 
1.7pm  the  fiber  losses  increase,  preventing  broadening  much  beyond 
1 .85pm. 

In  summary,  we  find  that  MI  and  SSFS  play  crucial  roles  in  starting 
the  continuum  generation  process:  MI  initiates  the  process  by  providing  the 
short  pulses,  and  SSFS  causes  relative  velocity  shift  between  pulses  and 
amplification  when  they  overlap.  The  short  pulses  generated  through  this 
multi-soliton  collision  then  SSFS  to  give  the  broad  spectral  widths.  The 
high  peak  powers  (>  lkW)  and  short  pulses  ( t  ,>  lOOfsec)  combined  with 
the  lOOMIIz  repetition  rate  make  the  broad  continuum  a  simple,  yet  power¬ 
ful,  tool  for  spectroscopy. 
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1.  Introduction 

Two-photon  pumped  travelling-wave  dye  lasers  [1,2]  and  semiconductor  lasers 
[3,4]  generate  frequency  tunable  ultrafast  light  pulses  at  the  anti-Stokes 
side  of  the  pump  laser.  Here  the  two-photon  induced  amplified  spontaneous 
emission  (ASE)  in  a  dye  generator  cell,  the  two-photori  induced  seeding  pulse 
amplification  (SPA)  of  a  picosecond  light  continuum  and  the  signal  ampli¬ 
fication  (AMP)  in  a  two-photon  pumped  dye  amplifier  are  studied. 


2.  Experimental 

The  experimental  setup  is  depicted  in  Fig.l.  Single  picosecond  light  pulses 
of  a  passively  mode-locked  Nd-phosphate  glass  laser  (pulse  duration  -t: 

5  ps)  are  used  for  two-photon  pumping.  The  dye  rhodamine  B  dissolved  in 
hexaf 1 uoroisopropanol  serves  as  gain  medium  in  the  generator  cell  and  the 
amplifier  cell  (concentrations  0.02  mol/dm’,  cell  lengths  2  cm).  In  the 
case  of  two-photon  pumped  seeding  pulse  amplification  a  picosecond  light 
continuum  is  generated  in  a  2  cm  long  cell  filled  with  3  0  {S'.  Spectral 
tuning  of  the  generated  signal  is  possible  by  putting  a  tuning  element  be¬ 
hind  the  generator  cell. 


3.  Results 

The  absorption  and  emission  cross-section  s pec t run  o'  rhoiian  fr.e  to  >•?•<<- 
f luoroisopropanol  is  shown  in  Fig. 2.  The  spectral  widths  at  hal*  n  a> impr 
(FWHM)  and  one  tenth  height  of  the  ASE  signal  are  indicated,  ff'icient 
two-photon  pumped  amplified  spontaneous  emission  requires  renarlab’e  twr- 
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F i q . 2  Absorption  and  emission  spectrum  of  rhodamine  B  in  hexaf 1 uoroi sopro- 
panol .  Horizontal  bars  indicate  spectral  widths  of  ASE  signal.  Solid  bar, 
FWHM;  dashed  bar,  width  at  one  tenth  height. 
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Qii  ASE  energy  conversion  efficiency  • and  pump  pulse  energy  transmis¬ 
sion  T  versus  pump  pulse  peak  intensity  1,,,  for  0.01  molar  rhodamine  B  -r 
hexaf  1  uoroi sopropanol .  Sample  length  ;  =  2  'em. 


photon  absorption  (Fig. 3),  large  stimulated  emission  cross-sect:ons  (Fig. 3} 
and  weak  excited-state  absorption  cross-sections  for  the  pump  laser  ' 
and  the  generated  ASE  signal  (  ■  ***•). 

The  ASE  energy  conversion  efficiency  versus  pump  laser  peak  intensity 
is  depicted  in  Fig. 3.  The  pump  pulse  transmission  is  included.  The  two- 
photon  pumped  seeding  pulse  amplification  reduces  the  signal  divergence  ■ 
considerably  while  the  energy  conversion  ef^ciency  is  only  reduced 
slightly.  The  amp  1  if ication  of  the  ASE  signal  in  a  two-photon  pumped  dye 
amplifier  cell  also  reduces  strongly  the  divergence  and  increases  the  ener¬ 
gy  conversion  efficiency.  The  results  are  summarized  in  Table  1. 
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Table  1  Two-photon  pumped  light  generation.  The  pump  pulse  parameters 
are  l0L  =  1.5-10  W/cm?,  \ ,  =  1.054  um,  : tL  =  5  ps.  ASE-AMP,  amplifica¬ 
tion  of  ASE  signal.  SPA-AMP,  amplification  of  seeding-pulss-ampl if ication 
signal . 


Parameter 

ASE 

SPA 

ASE -AMP 

SPA-AMP 

r'E 

0.013 

0.003 

0.018 

0.035 

I  nm  1 
max 

622 

617 

623 

620 

( FWHM)  [nm] 

13 

20 

19 

15 

i  ,\C  (FWHM)  [rad] 

Z-10'2 

2.5-10'3 

7  - 10~a 

o 

1 

The  two-photon  pumped  amplified  spontaneous  emission  may  be  extended  to 
other  laser  dyes  and  saturable  absorbers  1 )  -  Other  picosecond  pump  lasers 
may  be  applied  in  order  to  enlarge  the  frequency  range.  Computer  simula¬ 
tions  indicate  that  at  high  pump  pulse  intensities  the  ASE  signals  become 
considerably  shorter  than  the  pump  pulses,  especially  for  saturable  ab¬ 
sorbers  with  fast  absorption  recovery  time  16], 
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We  have  actively  mode-locked  a  continuous  wave  (cw)  Titanium 
doped  Sapphire  laser  and  obtained  tunable  pulses  as  short  as  6 
psec.  At  the  peak  of  the  tuning  curve  (790  nm)  we  obtained  750 
mW  of  average  power.  We  have  also  freguency  doubled  the  output 
of  this  laser  with  15%  efficiency  using  Potassium  Niobate. 

Recently,  Sanchez  et  al.  [1]  reported  1.6  W  of  output  power 
from  the  Titanium  doped  Sapphire  laser  pumped  by  an  Argon  ion 
laser.  Several  groups  have  actively  mode-locked  this  laser  and 
obtained  pulses  as  short  as  100  psec  and  powers  of  a  few 
hundred  mW  [2-4]. 

We  have  used  a  cw  Argon  laser  running  all  lines  (15  W)  to 
pump  the  Titanium  doped  Sapphire  laser.  Using  a  4  mirror 
astigmatically  compensated  cavity  and  a  20  mm  long  Brewster  cut 
crystal  we  have  obtained  3.5  W  of  average  power.  The  cavity 
was  then  extended  to  a  length  of  1.8  meters  and  we  placed  a 
high  Q,  high  modulation  depth,  acousto-optic  mode-locker  close 
to  one  end  mirror. 

We  have  generated  mode-locked  pulses  as  short  as  6  psec  and 
with  750  mW  of  average  power  at  790  nm.  An  autocorrelation  of 
the  pulse  is  shown  in  Figure  1.  The  bandwidth  of  these  pulses 
was  150  Ghz  which  was  3  times  the  transform  limit.  We  used  a 
three  plate  birefringent  tuner  to  control  the  wavelength  and 
were  able  to  tune  the  laser  from  770  nm  to  860  nm  with  the 


Fig.  1  Autocorrelation 
of  a  pulse  from  the 
mode-locked  Titanium 
doped  Sapphire  laser  at 
790  nm.  The  FWHM  is  6 
psec  assuming  a 
hyperbolic  secant 
squared  pulseshupe. 
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Fig.  2  A  graph  of  the  output  power  versus  wavelength  for  the 
mode-locked  Titanium  doped  Sapphire  laser.  The  tuning  range 
was  limited  by  intracavity  coatings. 


pulsewidth  remaining  below  10  psec.  This  tuning  range  was 
limited  by  the  intracavity  coatings.  In  Fig.  2  we  show  the 
power  as  a  function  of  wavelength.  We  anticipate  that  it  will 
be  possible  to  generate  pulses  of  less  than  10  psec  duration 
across  the  entire  tuning  range  of  the  laser  (630  nm  to  1000 
nm)  . 

Short  pulses  were  obtained  over  a  20  micron  range  of  cavity 
lengths.  The  shortest  pulses  were  generated  when  the  cavity 
was  mismatched  slightly  from  the  mode-locker  driver  frequency. 
One  consequence  of  this  mismatch  is  a  small  regular  oscillation 
in  the  time  domain.  The  oscillation  had  a  depth  of  a  few 
percent  and  a  period  of  several  microseconds. 

An  excellent  frequency  doubling  crystal  for  the  wavelength 
range  between  840  nm  and  940  nm  is  temperature  tuned  Potassium 
Niobate.  At  room  temperature,  this  crystal  is  90  degree  phase 
matched  for  doubling  860  nm  light  and  we  obtained  350  mW  of 
power  at  this  wavelength.  We  used  a  5X  microscope  objective  to 
focus  into  the  3x3x5  mm  crystal  and  generated  50  mW  at  430 
nm . 

In  conclusion,  we  have  actively  mode-locked  and  frequency 
doubled  the  cw  Titanium  doped  Sapphire  laser.  The  fundamental 
and  second  harmonic  of  this  laser  cover  two  regions  of  the 
spectrum  where  the  existing  dye  lasers  have  limited  lifetime. 
As  a  result,  we  believe  that  the  Titanium  doped  Sapphire  laser 
is  a  viable  solid  state  alternative  to  dye  lasers  as  a 
picosecond  source. 
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The  soliton  laser  I1!  was  the  first  example  of  a  nonlinear  external  cavity 
being  used  to  improve  the  modelocked  performance  of  a  laser.  The  laser 
cavity  was  coupled  to  an  external  cavity  which  contained  an  optical  fibre 
with  positive  group  delay  dispersion  thus  supporting  solitons.  When  the 
returned  pulse  is  synchronous  with  the  pulse  in  the  fundamental  laser 
cavity  then  pulses  with  a  much  shorter  duration  than  those  produced  by 
the  laser  alone  are  observed.  The  first  explanation  of  this  phenomenon 
was  in  terms  of  the  properties  of  the  N  =  2  soliton.  However,  a  theory  of 
the  soliton  laser  and  further  experimental  studies  ^  have  both 
indicated  the  existence  of  many  operating  points  which  were  not  always 
related  to  the  N  =  2  soliton  W. 

A  more  recent  theory  W  has  considered  the  coupling  of  a  modelocked 
laser  to  an  external  cavity  containing  other  nonlinear  elements.  The  two 
nonlinearities  considered  were  a  saturable  absorber,  giving  pulse 
compression,  and  a  saturable  amplifier,  which  leads  to  pulse  broadening. 
The  surprising  result  was  that  both  nonlinear  responses  can  lead  to  the 
production  of  shorter  pulses.  The  proposed  explanation  for  this  effect  ;s 
that  the  nonlinearity  in  the  external  cavity  causes  coupling  between  the 
longitudinal  modes  of  the  laser  which  enables  the  better  communication 
of  phase  information  between  the  modes  with  a  consequent  increase  in 
the  modelocked  bandwidtl  Thus  the  behaviour  of  the  soliton  laser 
should  be  understood  as  part  of  a  more  general  class  of  nonlinear  external 
cavity  modelocked  lasers. 

Here  we  report  on  some  experiments  which  will  elucidate  the  role  of 
the  external  cavity.  A  Burleigh  Tl'.KCl  colour  centre  laser  was  end-fire 
coupled  to  an  optical  fibre.  The  external  cavity  was  formed  either  by 
retro-reflection  from  a  plane  mirror  or  by  using  an  integrated  fibre  loop 
mirror  Is! .  The  crucial  difference  between  our  experiment  and  the  soliton 
laser  is  that  the  fibre  had  negative  group  delay  dispersion  and  does  not 
support  (bright)  solitons.  In  this  dispersion  regime  the  combined  effects 
of  the  nonlinear  response  of  the  fibre  and  its  dispersion  lead  to  enhanced 
pulse  broadening  l°l,  l7l  as  we  will  later  show. 
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In  figure  1  we  show  (normalised)  background  free  autocorrelation 
traces  of  the  laser  alone  (a)  and  the  laser  coupled  to  the  external  cavity 
(b).  The  reduction  in  pulse  autocorrelation  width  can  clearly  be  seen, 
from  30 ps  to  5 ps,  and  is  quite  similar  to  results  obtained  with  the  soliton 
laser  I1!.  This  result  was  obtained  with  a  20 m  length  of  optical  fibre  at  an 
average  launched  power  of  5m\V  which  was  close  to  the  threshold  power 
for  pulse  shortening  to  be  observed.  Similar  results  were  also  obtained 
with  shorter  fibre  lengths  with  the  pulse  width  generally  decreasing  with 
fibre  length.  The  implication  of  this  result  is  that  it  is  not  essential  for  the 
optical  fibre  to  support  solitons  merely  that  it  have  some  nonlinear 
response. 

The  group  delay  dispersion  of  this  fibre  was  measured  on  a  1  km 
length  to  be  - 1  Ops  jnm  /km.  However,  in  order  to  be  quite  sure  that  the 
actual  length  of  fibre  used  in  this  experiment  had  negative  dispersion  and 
was  not  positive  due  to  some  longitudinal  inhomogineity  in  the  fibre  we 
performed  the  following  test.  We  set  up  the  standard  soliton  laser 
configuration  to  produce  pulses  with  an  autocorrelation  FWHM  of  2ps. 
These  pulses  were  then  launched  into  the  same  20 m  length  of  fibre  used 
in  the  first  experiment  and  figure  2  shows  the  input  (a)  and  output  (b) 
autocorrelation  traces  at  a  launched  power  of  5mlV.  The  output  pulse  is 
broader  by  a  factor  of  about  three  and  the  shape  is  somewhat  triangular 
which  is  consistent  with  the  pulse  shaping  effects  normally  observed  in 
the  negative  group  delay  dispersion  regime.  This  result  is  also  consistent 
with  the  solution  of  the  Nonlinear  Schrodinger  Equation  for  the 
experimental  parameters  used.  These  two  measurements  clearly  indicate 
that  the  fibre  used  in  the  modelocking  experiment  did  not  support  soliton 
solutions. 


Figure  1.  Laser  output  without  optical  feedback  (a)  and  with  optical 
feedback  (b). 

Figure  2.  Input  pulse  to  non-soliton  fibr^  (a)  and  output  pulse  (b). 
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In  conclusion  we  have  observed  behaviour  similar  to  the  soliton  laser 
using  an  optical  fibre  which  does  not  support  solitons  at  1.5 nm. 

We  acknowledge  the  director  of  Research  and  Technology  for 
permission  to  publish. 
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1.  INTRODUCTION 


Picosecond  pulse  generation  technology  in  semiconductor  lasers  is  important  for  ultrahigh  bit 
rate  optical  communication  systems  and  ultrafast  optical  information  processing  systems.  To 
this  end,  mode-locking  |1],  Q-switching  |2|.  and  gain  switching  |3|  have  been  investigated. 
Among  these  schemes  the  gain  switching  method  is  the  most  popular,  since  this  scheme 
requires  no  external  mirror  and  no  special  laser  structure.  In  this  method,  the  use  of  short  eas  ily 
structures  and  high  peak  injected  current  have  been  investigated  for  short  pulse  generation. 
Recently,  we  have  been  discussing  the  effect  of  enhanced  differential  gain  on  short  pulse 
generation  by  the  gain  switching  method,  where  the  differential  gain  g'  is  defined  as  the  ratio  of 
the  derivative  of  the  bulk  gain  to  the  derivative  of  the  carrier  concentration  n  ti.e.  g'=rh ;  an  i 
Our  theoretical  calculation  predicted  that  the  pulse  duration  is  reduced  w  ith  the  increase  of  g\ 
In  fact,  the  generation  of  a  short  pulse  as  narrow  as  2ps  was  successfully  observed  in  a 
quantum-well  laser  in  which  g'  is  enhanced  compared  to  double  heterostructure  lasers  due  to 
two-dimensional  properties  of  carriers  |4|.  However,  more  systematic  experiment  is  required  in 
order  to  confirm  the  high  g'  effect.  In  this  paper,  we  investigate  short  pulse  generation  from 
distributed  feedback  (DFB)  lasers,  in  which  g’ can  lie  enhanced  by  detuning  Bragg  wavelength 
from  the  gain  peak  to  a  shorter  wavelength  |S|,  demonstrating  significance  of  high  g‘  for  the 
short  pulse  generation. 

2.  EXPERIMENT 

In  our  experiment  we  used  InGaAsP  FB11  (flat-surface  buried  heterostructure)  DFB  lasers 
(Fujitsu)  15).  Two  samples  were  prepared  to  examine  the  detuning  effect  in  the  gain  switching 
method:  (  i  )  the  Bragg  wavelength  A/t  is  tuned  to  the  gain  peak;  and  i  ii  )  A/?  is  detuned  to  a 
shorter  wavelength  by  10()A.  The  threshold  currents  under  CW  operation  tit  25  C  are  X.5  and 
11mA,  respectively.  The  structures  of  both  lasers  are  the  same  except  for  the  Bragg 
wavelength.  Gain  switching  is  realized  by  using  current  pulse  trains  ( 1GHz.  lOOps  FW1IM. 
10()mAp-p,)  which  are  generated  by  a  comb  generator  (1 IP33005C)  w  iih  DC  bias.  The  temporal 
characteristic  of  the  optical  pulses  is  measured  by  a  synchronously  scanning  streak  camera 
(Hamamatsu  C15K7+M  1955).  Fig.l  shows  the  measured  pulse  duration,  plotted  against  the 
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Fig.l  Measured  pulse  duration  of  tuned  and  detuned 
(-I00A)  DFB  lasers,  plotted  against  the  average 
input  current  normalized  by  each  threshold  current. 


NORMALIZED  INPUT  CURRENT  1 


average  input  current  normalized  by  each  threshold  current.  In  this  experiment  the  modulation 
amplitude  is  fixed  and  the  direct  current  is  varied.  The  circles  and  triangles  represent  the 
experimental  data  for  the  detuned  and  tuned  lasers,  respectively.  In  both  lasers  the  pulse 
duration  becomes  shorter  with  increasing  input  current.  The  shortest  pulse  is  25ps  in  the 
detuned  laser,  while  33ps  is  obtained  in  the  tuned  laser.  This  result  demonstrated  that 
enhancement  of  f>'  through  the  detuning  leads  to  reduction  of  the  pulse  duration.  Note  that  the 
increase  in  the  pulse  duration  at  higher  injected  current  level  is  due  to  the  onset  of  the  second 
pulse  through  c  relaxation  effect. 

3.  DISCUSSION 

Figure  2  shows  the  calculated  bulk  gain  against  carrier  concentration  in  InGaAsP  lasers  at 
wavelengths  of  1300,  1310,  and  I320nm.  When  the  bulk  gain  necessary  for  lasing  is  supposed 
to  be  250cm'1,  the  optimum  Bragg  wavelength  A n°P‘  for  minimizing  the  threshold  current  is 
about  1320nm.  On  the  other  hand,  g'  which  corresponds  to  the  slope  of  the  bulk  gain  curve  is 
enhanced  by  detuning  A B  from  \b”p'  to  131()nm  or  1300nm.  This  indicates  that  g’  can  be 
controlled  in  DFB  lasers  by  detuning  A/!, 

Figure  3  shows  the  calculated  pulse  duration  of  lasers  tuned  to  1300,  1310,  and  1320nm 
against  the  averaged  input  current  normalized  by  each  threshold,  using  the  gain  profile  in  Fig. 2 
The  parameter  values  used  in  the  calculation  were  as  follows:  internal  loss  u  =  30cm  1 . 
confinement  factor  T=  0.25.  spontaneous  emission  factor  /i  -  10‘4,  carrier  liteiimc  T>  •-  5ii'. 
and  photon  lifetime  Tp  =  3ps.  The  injection  current  pulse  is  a  raised  cosine  pulse  (15<ips 
FWIIM,  Five  times  as  large  as  the  threshold  current)  added  to  the  direct  current  As  shown  in 


Fig.:  The  bulk  gain  plotted  as  a  (unction  of  carrier 
concentration  at  various  wavelengths  of  MOOnm. 
I310nm.  and  lVOnm. 


Fig. 3  Caleulateil  pulse  duration  ot  tuned  and  detuned 
i  100 A  and  -HOOAi  lasers  against  average  input 
current  normalized  by  each  (liiesliold  current. 


Fig. a,  this  calculation  explains  our  experimental  result,  indicating  reduction  of  the  pulse 
duration  due  to  the  detuning  effect  as  well  as  the  increase  in  the  pulse  duration  in  the  region  of 
high  bias  current. 

4.  CONCl.rSlON 


The  effect  of  detuning  the  Bragg  wavelength  in  picosecond  pulse  generation  in  InGaA-d’ 
distributed  feedback  lasers  v.as  investigated  using  the  gain  switching  method.  W  e  observed  that 
the  pulse  duration  is  reduced  in  a  detuned  DFB  laser,  in  which  the  differentia!  gain  is  enhanced 
through  detuning  the  Bragg  wavelength  from  the  gain  peak  to  a  shorter  wavelength  by  1"W\. 
This  result  demonstrates  the  significance  of  the  differential  gain  for  short  pulse  generation. 


We  thank  Dr.lmai.  Fujitsu  Co. Ltd.,  for  supplying  excellent  samples  and  fruitful 
discussions,  and  also  thank  Prof.Y.Fujii  and  Prof.H.Sakaki  for  their  encouragement. 
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Characteristics  of  Picosecond  Pulse  Amplification 
by  a  Traveling-Wave  InGaAsP  Optical  Amplifier 

J.M.  Wiesenfeld,  G.  Eisenstein,  R.S.  Tucker,  G.  Rayhon,  and  P.B.  Hansen  ‘ 

AT&T  Bell  Laboratories,  Crawford  Hill  Laboratory, 

P.O.  Box  400,  Holmdel,  NJ07733,  USA 


An  understanding  of  the  properties  of  semiconductor  optica)  amplifiers  when  used  with  ultrashort 
optical  pulses  is  important  for  many  applications,  including  high-speed  optical  time-division 
multiplexing  [1],  optical  switching,  and  optical  logic  operations.  The  physics  underlying  the 
response  of  semiconductor  optical  amplifiers  is  also  of  fundamental  interest,  and  includes  such 
processes  as  hole-burning,  carrier  thermalization  and  cooling  [2],  and  gain  recovery.  The  time 
scale  of  the  pulses  used  in  the  experiment  will  determine  which  processes  arc  significant.  In  this 
paper,  we  report  on  the  amplification  of  optical  pulses  of  duration  3  -  25  ps,  derived  from 
semiconductor  lasers,  by  i.3-#rm  InGaAsP  traveling-wave  (TW)  amplifiers,  at  pulse  repetition  rates 
from  200  kHz  to  6  GHz.  We  observe  gain  compression  (saturation)  in  the  amplifier  that  depends 
on  pulse  energy  and  repetition  rate.  By  treating  the  amplifier  as  a  two-level,  homogeneously 
broadened  system,  the  gain  compression  is  described  lor  all  pulse  repetition  rates.  No  temporal 
distortion  of  the  pulse  shape  is  observed  under  any  conditions. 

Two  TW  optical  amplifiers,  made  by  deposition  of  SiOx  anti-reflection  coatings  (R  <  3 >;  1 0 ~ * ) 
on  the  two  facets  of  semiconductor  diode  laser  chips,  were  used  in  this  study.  The  laser  chips 
used  had  channeled  substrate  buried  hctcrostructurc  (CSBH)  and  semi-insulating  etched  mesa 
buried  hctcrostructurc  (SI-EMBH)  structures,  with  peak  chip  gains  of  21  dl3  and  1"  dB  at 
wavelengths  of  1.25  and  1.30  fim,  respectively,  and  were  250  uni  long.  1  wo  different  sources  of 
ultrashort  optical  pulses,  an  InGaAsP  film  laser  (31,  which  was  optically  pumped  by  0.5  ps  pulses 
from  a  modclockcd  cw  dye  laser,  and  a  gain-switched  InGaAsP  diode  laser,  were  used  to  sudy 
the  CSB1I  and  SI-EMBH  amplifiers,  respectively.  The  film  laser  had  repetition  rate  of  200  kHz. 
duration  of  3  -10  ps.  pulse  energy  input  to  the  amplifier  up  to  200  fJ,  and  for  these  experiments 
was  used  over  the  wavelength  range  from  1.22  to  1.27  ^m.  Pulse  shapes  were  measured  with  0.5 
ps  resolution,  before  and  after  amplification,  using  upconvcrsion  sampling  with  a  time-delayed 
replica  of  the  0.5  ps  dye  laser  pulse,  by  sum  frequency  generation  in  a  L 1 103  crystal.  The  gain- 
switched  diode  laser  emitted  a  train  of  pulses  of  ~25  ps  duration  at  1.31  /mi  wavelength,  up  to  100 
fJ  energy  input  to  the  amplifier,  and  at  repetition  rates  up  to  6  GHz. 

Measured  gain  for  the  CSBH  amplifier  (which  is  9  dB  lower  than  chip  gain,  due  to  coupling 
losses)  for  9  ps  pulses  at  1.257  #im  is  shown  as  a  function  of  input  energy  in  fig.  I.  To  analyze  the 
results,  we  model  the  amplifier  as  an  ensemble  of  strict  two-level  systems  [4].  The  pulse  duration 
is  assumed  short  compared  to  the  carrier  lifetime  r  and  long  compared  to  all  carrier  intraband 
relaxation  and  thermalization  times  which  make  the  gain  effectively  homogeneous.  In  this  case. the 
amplifier  gain  in  dB,  G  =  10log(£,^, /£,„),  can  be  written  [5] 

G  --  Go  —  4.34 E,^/h<;^T  ,  ( I ) 

where 

Esat  =  '1O/1Z.A70.236',,  .  (2i 

In  the  above  expressions,  Eind,  and  E.^at  arc  the  output,  input,  and  saturation  energies, 
respectively,  G'0  it  the  small  signal  gain,  hu  is  the  photon  energy,  A  and  /.  arc  the  cross-sort ionai 
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Figure  1:  Measured  gain  vs  input  puisc 
energy  for  the  CSBH  amplifier,  using  film 
laser  pulses  at  200  k  Hz  rate. 
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Figure  2:  Data  of  Fig.  1  plotted  vs  E„ 
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area  and  length  of  the  active  region  in  the  amplifier,  and  N  is  the  carrier  density  in  the  active 
region.  Eq.  (1)  is  valid  when  E„^/ESAT  «;  1.  The  data  of  Fig.  1  is  rcplottcd  in  the  form  suggested 
by  (1)  in  Fig.  2.  The  linearity  of  the  plot  supports  the  two-level  system  model.  Values  of  ESA T  arc 
derived  from  the  slope  of  the  plots,  and  agree  quantitatively  with  estimates  made  using  Eq.  (2)  and 
device  parameters.  Equation  (2)  shows  the  variation  of  ESAT  with  bias  ( N )  and  wavelength 
(through  G0). 

For  pulses  as  short  as  3  ps  no  temporal  distortion  was  observed.  Figure  3  shows  the 
superimposed  amplified  pulse  shapes  for  three  conditions.  With  52  fj/pulse  input  energy,  the 
amplifier  gain  is  compressed  by  ~2.5  dB,  while  at  2.6  fj/pulse  input  energy,  the  gain  has  its  small 
signal  value.  Even  under  these  three  disparate  conditions,  the  pulse  shapes  arc  identical  to  w  ithin 
experimental  uncertainty.  The  lack  of  pulse  distortion  is  explained  by  small  group  velocity 
dispersion  in  the  amplifier  [2,6]  and  sufficiently  slow  transitions  in  the  pulse  shape  so  that  there  is 
no  distortion  due  to  gain  compression.  [7] 

When  the  period  between  input  optical  pulses,  T ,  becomes  comparable  to  or  smaller  than  the 
gain  recovery  time  (which  is  also  the  carrier  lifetime  r)  the  overall  gain  of  the  amplifier  will  be 
reduced,  because  the  gain  will  not  recover  to  its  original  small  signal  value  between  pulses.  This 
effect  can  lead  to  pattern-dependent  gain  and  inter-symbol  interference  for  a  randomly  modulated 
stream  of  pulses.  Using  a  simple  rate  equation  analysis  it  can  be  shown  that  the  gain  recovers  with 
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Figure  3:  Pulse  shapes  after 
amplification  in  CSBH  amplifier  of 
a  7  ps  film  laser  pulse  at  1.249  ^m, 
for  conditions  as  indicated. 
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an  exponential  time  constant  r  between  pulses.  The  repetition  rate  dependence  of  the  gain  can  be 
derived  from  the  two-level  system  model,  and  is 


G  =  G0-4.34£„t/ESjir<'">  ,  (3) 

where 

£sxrW/)  =  (l  -c-t^Esa-t  ■  (4) 

Gain  was  measured  as  a  function  of  pulse  energy  for  the  Sl-EMBH  amplifier  at  repetition  rates 
from  1  to  6  GHz.  Figure  4  shows  that  the  effective  saturation  energy  docs  decrease  with 
repetition  rate,  as  predicted  by  (4).  The  values  of  ESAT^,r'1  arc  fit  by  taking  ESAT  -  6  pJ  and  r  = 
400  ps.  The  gain  recovery  time  for  this  amplifier  has  been  measured  directly  in  a  pump-probe 
experiment,  and  has  a  value  of  360  ±  20  ps.  The  agreement  between  data  and  the  predictions  of 
the  two-level  system  model  further  supports  the  model. 
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When  a  high  energy  electron  passes  through  dielectric  materials  at  a  veloc¬ 
ity  exceeding  that  of  light  in  the  material,  Cherenkov  radiation  is  emitted 
into  an  annular  cone  about  the  forward  direction  of  the  electron.  If  an 
electron  of  energy  of  a  few  tens  of  MeV  and  a  dielectric  mater  al  of  high 
refractive  index  are  used  for  Cherenkov  radiation,  the  number  of  emitted 
photons  is  only  a  few  hundred  within  a  spectral  region  from  the  absorption 
edge  of  the  material  to  visible  wavel engths[  1  ] .  Cherenkov  radiation,  how¬ 
ever,  produced  with  a  lot  of  electrons  bunched  in  a  short  time  may  be  util¬ 
ized  for  an  intense  pulsed  light  source  with  a  continuous  spectrum  [2,3]. 

The  electron  linear  accelerator  (linac)  of  Osaka  University  can  bunch 
electrons  in  a  single  wave  of  accelerating  RF  with  velocity  modulation  and 
accelerate  them  to  a  maximum  energy  of  38  MeV  with  a  repetition  rate  of  up 
to  120  Hz  [4].  The  width  of  the  single  bunch  pulse  is  estimated  to  be  a  few 
tens  of  picoseconds  and  about  1011  electrons  can  be  contained  in  a  single 
bunch  pulse  (maximum  charge  per  pulse  is  about  50  nC).  When  the  electron 
pulses  from  the  linac  are  used  for  the  excitation  of  Cherenkov  radiation, 
considerably  intense  and  short  light  pulses  can  be  obtained  because  the 
time  structure  of  the  Cherenkov  radiation  is  essentially  the  same  as  that 
of  the  electrons.  Electron  pulses  of  28  MeV  and  15  nC  were  used  in  these 
experiments. 

The  Cherenkov  angle  0,  a  half  vertical  angle  of  the  annular  cone,  and  the 
number  of  photons  N  produced  by  an  electron  within  a  spectral  region  defined 
by  wavelengths  Ai  and  X2  are  expressed  by  the  following  two  equations! 1 ] : 

cos  8  =  1 /nB  ( 1 ) 
and 

N  =  (2rie2/'hc)  x  ( 1  /Az  -  1/Ai)(l  -  l/n262)L  (2), 

where  n  is  the  refractive  index  of  the  dielectric  material,  B  is  the 
velocity  of  the  electron  relative  to  that  of  light  in  a  vacuum,  2iTe2/hc  is 
the  fine  structure  constant  and  L  is  the  path  length  that  the  electron 
travels  through  the  material.  The  most  desirable  characteristic  as  a  light 
source  is  that  the  light  emission  is  intense  and  directive.  It  is,  however, 
obviously  impossible  from  eqs.(l)  and  (2)  to  obtain  both  large  N  and 
small  0  simultaneously.  As  the  Cherenkov  light  is  utilized  somewhere  away 
from  the  radiator,  because  of  high  energy  radiation  protection,  the  direc¬ 
tivity  of  the  radiation  rather  than  the  intensity  may  be  important  for  its 
transportation.  The  variables  to  determine  0  and  N  are  only  n  and  L 
while  the  electron  energy  of  a  linac,  the  value  of  B  ,  cannot  change  much 
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because  it  is  a  linac  characteristic.  Then,  selection  of  a  dielectric 
material  as  a  Cherenkov  radiator  could  be  done  by  experiment. 

Three  dielectric  materials  were  examined  as  Cherenkov  radiators  and 
their  optical  features  were  compared.  Among  high  purity  fused  silica 
(Suprasil)  whose  refractive  index  is  the  highest,  xenon  gas  of  pressure  of 
a  few  atm,  and  air,  the  air  in  free  space  was  found  to  be  most  convenient 
and  easily  available  as  a  Cherenkov  radiator. 

An  optical  system  was  installed  to  take  the  Cherenkov  radiation  from  the 
air  near  the  electron  beam  window  as  shown  in  Fig.l.  The  light  peak 
power  with  a  single  bunch  electron  pulse  of  15  nC  charge  was  estimated  by  a 
Si-photodiode  to  be  about  10  kW  in  the  spectral  region  from  200  to  600  nm. 

Spectral  distributions  of  the  Cherenkov  radiation  from  the  air  radiator 
were  investigated  with  the  method  of  pulse  height  integration.  Experimental 
results  are  shown  in  Fig. 2.  The  spectrum  has  a  peak  at  200  nm  and  a  con¬ 
tinuous  band  whose  intensity  decreases  towards  longer  wavelengths.  The 
trends  of  both  experimental  and  calculated  spectra  (solid  lines)  are 
similar,  though  there  is  some  discrepancy  of  the  intensity.  The  dashed 
lines  show  about  1/3  of  the  calculated  intensity  in  the  UV  to  visible  and 
1/6  in  the  visible  to  IR  region.  The  discrepancy  arises  from  both  overes¬ 
timation  of  the  number  of  electrons  effectively  used  for  the  Cherenkov 
radiation  and  light  collection  loss. 

The  precise  pulse  shapes  of  the  Cherenkov  radiation  were  observed  by  a 
streak  camera  system  with  a  time  resolution  of  10  ps  described  in  a  pre- 


beam  window  of 


Fig. 2  Spectral  distributions  of  Cherenkov  radiation  from  air  with  30  MeV 
electron. 
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Fig. 3  Light  pulse  shape  of 
Cherenkov  radiation  from  air  with 
a  single  bunch  electron  pulse. 
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Fig. 4  Light  pulse  shape  of 
Cherenkov  radiation  from  air 
with  a  5  ns  electron  pulse. 


virus  paper  [5],  The  streak  patterns  provided  by  a  computer  are  shown  in 
Figs.  3  and  4.  Recent  data  of  the  minimum  pulse  width  of  the  Cherenkov 
radiation  with  the  single  bunch  electrons  were  about  40  ps.  This  value  in¬ 
creases  50  %  with  the  single  bunched  charge  increase  after  ■>mprovements  of 
the  linac.  A  light  pulse  shape  of  the  Cherenkov  radiation  with  an  unbunched 
electron  pulse  of  nominal  5ns  is  shown  in  Fu..  4. 

In  order  to  estimate  the  practical  directivity  of  the  Cherenkov  radia¬ 
tion,  cross-sectional  intensity  distributions  of  the  electron  beam  and  the 
Cherenkov  radiation  at  a  few  points  along  the  both  beam  axis  were  observed 
with  a  fiber  optics  technique.  Divergences  of  the  electron  beam  and  the 
Cherenkov  radiation,  20,  are  evaluated  to  be  about  1°  and  2°  respect¬ 
ively.  The  calculated  value  of  0  from  eq.(l)  in  the  case  of  no  divergence 
of  the  electron  beam  is  about  1°  in  the  visible  spectral  region. 

These  experimental  results  show  that  practical  use  of  Cherenkov  radia¬ 
tion  is  possible  for  some  kinds  of  physical,  chemical  and  biological  re¬ 
search.  In  addition,  advantages  of  this  light  source  are  as  follows: 

1)  The  pulse  width  can  be  easily  changed  from  a  few  tens  of  pico-  to 
several  nanoseconds  with  operation  mode  of  the  linac. 

2)  Pulse  repetition  rate  is  variable  from  manual  operation  to  120  Hz. 

3)  The  region  of  continuous  spectral  distribution  of  the  Cherenkov  radia¬ 
tion  can  be  selected  with  an  appropriate  dielectric  material  and  the 
energy  of  the  electron. 
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The  bandwidth  of  most  excimer  lasers  allows  the  amplification 
of  subpicosecond  pulses.  However,  the  generation  of  subpico¬ 
second  seed  pulses  at  the  desired  wavelength  and  their 

synchronization  to  the  excimer  amplifier  needs  a  highly 
complex  and  expensive  apparatus,  where  several  different 
lasers  and  electronics  have  to  work  together  properly.  Using 
XeCl  as  an  amplifying  medium  [1,2],  the  shortest  pulse 

duration  reported  is  160  fs  [2],  when  amplified  and  frequency- 
doubled  CPM-laser  pulses  were  used  as  seed  pulses.  At  248  nm 
-450  fs  pulses  were  obtained  [3,4],  when  frequency-converted 
pulses  from  a  Nd-YAG  laser-pumped  mode-locked  dye  laser  [3], 
or  from  a  subpicosecond  XeCl  laser  [4]  were  amplified  in  the 
KrF  amplifier.  We  have  reported  earlier  an  alternative  method 
which  is  based  on  the  use  of  a  hybrid  excimer-dye  laser 
arrangement.  In  that  setup  a  twin  tube  excimer  laser  (Lambda 
Physik  EMG  150)  is  used  as  a  pump  source  for  a  subpicosecond 
dye  laser  setup  and  as  an  amplifier  [5,6].  With  the  use  of 

this  technique  essentially  similar  results  we'-e  obtained  for 
both  excimers,  if  the  effect  of  the  auditional  pulse 

compression  reported  there  is  not  taken  into  account.  The 
pulse  duration  directly  at  the  output  of  the  excimer  amplifier 
was  measured  as  220  fs  [5]  and  370  fs  [6]  for  XeCl  and  KrF, 
respectively.  In  the  case  of  KrF  further  temporal  compression 
of  the  amplified  pulses  resulted  in  80  fs  pulse  duration  [6], 
A  similar  pulse  compression  experiment  for  XeCl  led  only  to  a 
slight  decrease  of  the  pulse  duration  from  220  fs  to  170  fs 
[7].  Recent  development  of  the  excimer  laser-pumped  cascade  ps 
dye  laser  setup  [8]  and  the  introduction  of  a  new,  simple 
distributed  feedback  dye  laser  ( DFDL )  [9]  made  it  possible  to 

simplify  the  construction  of  our  hybrid  excimer/dye  laser 
system,  allowing  a  much  stabler  operation,  while  preserving  or 
improving  the  original  output  characteristics.  Since  KrF  is 
found  to  show  much  better  performance  as  a  subpicosecond 
amplifier  [10]  than  XeCl  and  pulse  compression  has  been  far 
more  successful  at  this  excimer  wavelength  [6],  the  new 
simplified  setup  reported  here  was  first  tested  at  the  KrF 
wavelength. 

The  experimental  arrangement  is  shown  in  Fig.l.  The  EMG  150 
Lambda  Physik  excimer  laser  is  used  as  a  pump  laser  for 
pumping  a  special  subpicosecond  dye  laser-amplifier  arrange¬ 
ment,  and  as  an  amplifier  for  the  amplification  of  the 
frequency-doubled  output  pulses  of  the  dye  laser  setup.  The 
oscillator  channel  of  the  EMG  150  laser  is  filled  with  the 
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standard  XeCl  fill,  delivering  80  m  J ,  15  ns  pump  pulses  at 

308  nm.  The  pump  energy  is  distributed  among  the  various  dye 
cells  as  indicated  in  Fig.l.  The  pump  beam  coupled  out  by  the 
first  two  quartz  pla  :es  is  used  for  pumping  a  newly  developed, 
simple  dye  laser  setup  [8].  This  makes  use  of  two  cascade  dye 
lasers,  two  amplifier  stages,  and  a  gated  saturable  absorber 
(GSA'  in  between  the  amplifiers.  The  purpose  of  the  dye  lasers 
is  to  sharpen  the  leading  edge,  while  the  GSA  plus  the 
saturated  amplifiers  cut  the  trailing  part  of  the  pulses.  The 
first  dye  laser  operates  with  5  x  10"^  M  paraterphenyl  in 
cyclohexane  as  an  active  medium  in  a  5  mm  long  cavity, 
yielding  a  pulse  at  340  nm,  with  -100  ps  risetime.  The  second 
dye  laser  has  a  cavity  length  of  0.5  mm  and  contains  a 
solution  of  1  x  10"2  m  butyl-FBD  in  methanol.  Its  output  has 
~10  ps  risetime,  and  the  1  nm  broad  emission  is  c^nte’-ed  at 
365  nm.  In  the  following  amplifiers  4  x  10-4  M  solution  of 
butyl-PBD  in  ethanol  is  used.  The  gated  saturable  absorber 
consists  of  a  solution  of  BBOT  and  a  tilted  cavity  formed  by 
two  identical  dichroic  mirrors  having  approximately  10  % 
reflectivity  at  365  nm  and  100  %  reflectivity  at  430  nm, 
acting  at  the  same  time  as  dye  cell  windows.  The  combined 
pulse  forming  effect  of  the  oscillators,  saturated  amplifiers 
and  the  GSA  results  in  an  output  pulse  duration  of  ~8  ps  at 
365  nm,  with  1  mm  cavity  length,  with  a  solution  of 
1  x  10-3  BBOT  in  ethanol  is  applied  in  the  GSA.  These  pulses 
have  an  energy  of  typically  ~4  uJ  and  are  then  used  for 
pumping  the  DFDL  master  oscillator. 

The  DFDL  used  here  is  a  tunable,  achromatic  arrangement 
first  described  in  [9],  utilizing  a  transmission  grating,  a 
microscope  objective  and  a  special  dye  cell  with  the  active 
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medium.  In  this  DFDL  the  interference  fringes,  which  are 
necessary  for  DFDL  operation,  are  created  by  imaging  a  coarse 
transmission  grating  onto  the  inner  surface  of  the  dye  cell  by 
the  use  of  a  microscope  objective  (Fig. 2).  The  pump  beam  is 
first  expanded  by  a  cylindrical  telescope  to  permit  a  pencil¬ 
like  illumination  of  the  grating  and  the  active  medium.  Only 
the  two  diffracted  first  orders  are  used  for  the  formation  of 
the  interference  pattern,  while  the  zeroth  order  is  blocked  by 
a  stop.  This  arrangement  ensures  the  creation  of  a  small  size, 
high  visibility  interference  pattern  even  with  a  pump  beam  of 
low  spatial  and  temporal  coherence.  That  is  why  a  broadband 
dye  laser  pulse  can  be  directly  used  for  pumping,  without  any 
spectral  selection.  The  other  advantage  of  the  arrangement  is 
its  easy  tunability  by  translation  of  the  transmission  grating 
and  proper  choice  of  the  refractive  index  of  the  active 
medium.  In  this  way  the  whole  visible  spectrum  can  be  covered 
(Fig. 3). 

The  output  pulse  is  then  amplified  in  a  two  stage  amplifier 
of  standard  design.  The  typical  energy  of  the  DFDL  pulse  is 
-1  uJ  after  the  first  and  -20  uJ  after  the  second  amplifier. 
When  the  wavelength  of  the  DFDL  is  set  to  be  twice  the 
wavelength  of  the  excimer  amplifier,  the  amplified  and 
frequency  doubled  DFDL  pulses  can  be  used  as  seed  pulses  for 
amplification  in  the  excimer  amplifier.  Frequency  doubling  is 
done  just  before  the  excimer  amplifier  by  a  thin  BBO  crystal. 
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The  slightly  divergent  ultraviolet  pulse  has  an  energy  of 
2-3  uJ.  This  pulse  is  then  amplified  in  a  first  pass  through 
the  second  channel  of  the  EMG  150,  which  is  filled  with  KrF. 
After  the  first  pass,  the  beam  is  magnified  by  a  beam 
expanding  telescope  and  spatially  filtered  by  an  evacuated 
pinhole.  Then  it  is  sent  through  the  amplifier  in  a  second 
pass.  By  this  double-pass  amplification  scheme  the  pulse 
energy  is  boosted  up  to  13  m J ,  with  no  more  than  6  %  amplified 
spontaneous  emission  (ASE)  background.  The  cross  section  of 
the  output  beam  is  11  x  25  mm^. 

After  amplification,  the  uv  pulses  are  sent  through  a 
double  prism  pulse  compressor  consisting  of  two  60°  quartz 
prisms  of  20  mm  baselength  and  two  dielectric  mirrors  to  use 
the  two  prisms  in  a  double  pass  pulse  compressor  arrangement. 
For  the  measurement  of  the  pulse  duration  the  general 
autocorrelation  technique  based  on  two  photon  ionizations  of 
NO  gas  is  used.  The  autocorrelator  is  shown  schematically  in 
Fig.  4.  This  makes  use  of  a  5  mm  thick  CaF  window  as  a  beam¬ 
splitter  and  two  retroref lector s .  In  this  design  the  two 
partial  beams  see  exactly  the  same  conditions  in  the  two  arms 
of  the  autocorrelator .  By  translation  of  one  retroref lector  in 
the  direction  perpendicular  (and  parallel)  to  the  beams, 
complete  spatial  (and  temporal)  overlap  of  the  two  partial 
beams  can  be  adjusted  at  the  signal  output.  Then  the  ratio  of 
the  ion  current  of  the  signal  and  the  reference  channel  is 
recorded  as  a  function  of  the  delay  of  the  movable  arm  of  the 
autocorrelator.  The  pulse  duration  before  pulse  compression  is 
measured  to  be  ~500  fs  with  significant  chirp.  After  compres¬ 
sion  we  have  obtained  a  set  of  reproducible  autocorrelation 
functions  indicating  a  pulse  width  around  60  fs.  The  shortest 
autocorrelation  function  is  shown  in  Fig. 5.  The  auto¬ 
correlation  width  is  70  fs,  corresponding  to  45  fs  pulse 
duration,  with  the  generally  used  sech^  assumption  for  the 
pulse  shape. 


Fig. 4.  Schematic  of  the  autocorrelator 
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Fig. 5.  Autocorrelation  curve  of  the  shortest  compressed  uv 
pulses  at  248  nm 


In  conclusion  we  have  developed  a  simple  hybrid  excimer-dye 
laser  capable  of  generating  subpicosecond  pulses  at  most  of 
the  excimer  wavelengths.  In  this  paper  the  generation  of 
subpicosecond  pulses  with  13  mJ  energy  is  reported  at  248  nm. 
Preliminary  investigations  were  made  for  the  optimum  pulse 
compression,  which  resulted  in  ~60  fs  compressed  pulse 
duration  with  very  weak  temporal  wings.  The  shortest  pulse 
duration  is  45  fs. 
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A  multiterawatt  (TW)  exeimer  laser  is  an  attractive  light 
source  for  multi-photon  processes  and  XUV  lasers.  Over  the 
past  few  years,  many  efforts  have  been  devoted  to  reduce  the 
pulse  width  from  picosecond  (ps)  to  subpicosecond  (sub-ps) 
region.  '  '  The  development  of  guch  a  system  is  now  in  rapid 
progress  in  our  Institute  in  a  ps  and  sub-ps  region.  The 
schematic  of  the  entire  system  is  shown  in  Fig.l.  The 
amplification  of  sub-ps  pulses  has  been  performed  in  XeCl  and 
KrF.  A  peak  power  of  1TW  was  obtained  at  XeCl  in  310fs  with  an 
amplified  spontaneous  emission  ( ASE )  less  than  2".  in  energy 
within  the  discharge  stage.  A  4-TW  peak  power  was  obtained  in 
390fs  with  an  ASE  of  1.87.  at  KrF  by  using  the  entire  system.  In 
this  report,  sub-ps  UV  pulse  generation  for  the  multiterawatt 
XeCl  and  KrF  system  is  described. 


The  schematic  diagram  to  generate  sub-ps  pulses  is  shown  in 
Fig. 2.  In  XeCl,  the  synchronously  pumped  dye  laser  generated 
sub-ps  pulses  at  616nm  by  using  Rhodamine  590.  As  a  pump  source, 
a  cw  mode  locked  YAG  laser  (Spectra  Physics  series  3000)  was 
employed.  The  fiber-grating  compressor  (Spectra  Physics  3690) 
was  inserted  before  frequency  doubling.  Autocorrelation 
measurement  showed  the  pulse  width  at  616nm  to  be  320fs  with  some 
temporal  wings  present.  A  single  pulse  among  the  pulse  train 
was  amplified  in  a  four-stage  dye  amplifier  chain,  which  was 
pumped  by  a  5.5-ns,  75-mJ  XeCl  laser.  Kiton  Red  620  and 
Sulf orhodamine  640  were  used  alternately  along  the  stages  of  the 
amplifier  chain.  The  growth  of  ASE  was  suppressed  because  the 


Fig.l  Multi-terawatt  exeimer 
laser  system. 
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Fig. 2  Schematic  diagram  to  generate 
sub-ps  pulses. 


TIME  DELAY  (  ps  ) 

Fig. 3  Autocorrelation  trace  of 
arrplified  308-nm  pulses. 


spectral  gain  peak  of  Kiton  Red  620  is  closely  positioned  to  the 
absorption  peak  of  Sulf or hodamine  640.  Malachite  Green 
saturable  absorber  dye  jet  was  inserted  between  the  second  and 
the  third  stages.  The  output  energy  was  130^3  with  3%  ASE. 
This  was  frequency  doubled  in  a  lmm-thick  BBO  crystal  with  an 
efficiency  of  18%.  The  UV  pulses  were  amplified  by  two  high 
repetition  rate  XeCl  preamplifiers,  which  have  the  same  aperture 
size  of  2cm  x  1cm,  and  active  lengths  of  30cm  and  60cm, 
respectively.  The  autocorrelation  trace  by  using  two-photon 
ionization  in  triethylamine  vapor  showed  the  pulse  width  to  be 
310fs  (Fig.3).  A  typical  output  energy  was  7mJ  with  a 
negligible  small  content  of  an  ASE  background. 

In  KrF,  sub-ps  pulses  were  also  obtained  by  the  same  schematic 
of  Fig. 2  with  replacement  of  dyes  and  some  modifications.  In 
this  experiment,  745-nm  pulses  were  generated  with  the  pulse 
width  of  290fs  and  the  spectral  width  of  2.1nm  from  the  hybrid 
synchronously,  pumped  dye  laser  with  the  use  of  Pyridine  2/DDI 
combination.  In  the  dye  amplifier  chain,  LD-700  was  used  in  all 
stages.  To  reduce  ASE,  saturable  absorbers  were  inserted 
between  every  stage.  The  solid  saturable  absorber  (Schott  glass 
RG850)  was  placed  between  the  first  and  the  second  stages,  and 
HITC  saturable  absorbrer  dye  jets  were  used  among  the  later  three 
stages.  The  output  energy  was  480pJ.  Explicit  difference  in 
pulse  width  and  spectrum  was  not  observed  after  the  amplifier 
chain.  But  the  temporal  wings  almost  disappeared.  The  amplified 
745-nm  pulse  was  frequency  doubled  in  a  lmm-thick  KDP  crystal  and 
then  sum- frequency  mixed  with  its  second  harmonic  in  a  lmm-thick 
BBO  crystal.  The  energy  of  the  248-nm  seed  pulse  was  a  few 
microjoules  and  then  amplified  to  lOmJ  by  the  preamplifiers. 
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Fig. 4  Cubic  dependence  of  the  XeF  C-A  Fig. 5  Autocorrelation  trace  of  a 
fluorescence  on  laser  intensity.  single  amplified  248-nm  pulse. 


The  fluorescence  (172nm)  of  Xe,  was. used  before  for  the  single 
shot  pulse  width  measurement  in  KrF.  We  devised  a  new  method 

to  measure  the  sub-ps  KrF  pulses  by  using  a  C-A  transition 
(480nm)  of  XeF  produced  by  three-photon  ionization  of  Xe . 
Figure  4  shows  cubic  dependence  of  the  fluorescence  on  laser 

intensity  for  subpicosecond  KrF  pulses.  The  typical  arrangement 
with  the  triangular  configuration  was  employed.  The  pulses  were 
focused  by  a  60-cm  focal-length  lens  and  collided  precisely  at 
the  focal  point  in  the  gas  cell.  The  fluorescence  image  was 
enlarged  by  a  factor  of  5  -  10  with  a  camera  lens,  and  detected 
by  the  SIT  camera.  The  pulse  width  after  the  preamplifiers  was 
measured  to  be  210fs  by  using  this  method.  The  single  shot 
autocorrelation  trace  is  shown  in  Fig. 5.  The  observed  contrast 
ratio  was  close  to  the  theoretical  value  of  10:1.  The  pulse  was 
amplified  to  1.5J  by  the  entire  system  including  the  electron- 
beam  pumped  amplifier.  The  pulse  width  of  the  final  output  was 

measured  to  be  390fs.  The  observed  increase  of  the  pulse  width 

is  mostly  explained  by  the  linear  dispersion  of  the  optical 
elements.  This  will  be  compensated  by  using  an  appropriate 
element  with  negative  dispersion  such  as  a  prism  pair  in  the 
early  stage. 
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Subpicosecond,  high-brightness  excimer  laser  systems  are  being  used  to 
explore  the  interaction  of  intense  coherent  ultraviolet  radiation  with  matter.  Appli¬ 
cations  of  current  systems  include  generation  of  picosecond  x-ray  pulses,  investi¬ 
gation  of  possible  x-ray  laser  pumping  schemes,  studies  of  multiphoton  phe¬ 
nomena  in  atomic  species,  and  time-resolved  photochemistry.  These  systems 
[1,2],  based  on  the  amplification  of  subpicosecond  pulses  in  small  aperture  (-1 
cm2)  XeCI  or  KrF  amplifiers,  deliver  focal  spot  intensities  of  ~1017  W/cm2.  Scaling 
to  higher  intensities,  however,  will  require  an  additional  large  aperture  amplifier 
which  preserves  near-diffraction-limited  beam  quality  and  subpicosecond  pulse 
duration  [3].  We  describe  here  both  a  small  aperture  KrF  system  which  routinely 
provides  intensities  >1017  W/cm2  to  several  experiments,  and  a  large  aperture 
XeCI  system  designed  to  deliver  -1  J  subpicosecond  pulses  and  yield  intensities 
on  target  in  excess  of  1019  W/cm2.  We  also  discuss  the  effects  of  two-photon 
absorption  on  large-aperture,  high-brightness  excimer  lasers. 

The  small  aperture  KrF  system  consists  of  a  "front-end"  which  generates  248- 
nm  seed  pulses,  followed  by  two  KrF  amplifiers.  The  seed  pulses  are  initially  gen¬ 
erated  at  648  nm  with  a  mode-locked  dye  laser  that  uses  DCM  as  the  gain  dye 
and  DTDCI  as  the  absorber  dye.  The  dye  laser  is  synchronously  pumped  with  the 
frequency-doubled  output  of  a  cw  mode-locked  Nd.YAG  laser.  The  pulses  are  then 
amplified  at  a  3  Hz  repetition  rate  and  frequency-doubled  in  a  2-mm-thick  BBO 
crystal.  The  resulting  pulses  at  324  nm  are  finally  sum-frequency  mixed  with 
amplified  1064-nm  pulses  in  a  second  2-mm  BBO  crystal  to  produce  5-  to  10-pJ 
subpicosecond  seed  pulses  at  248  nm.  These  pulses  are  then  amplified  by  two 
Lambda  Physik  EMG  200  Series  KrF  amplifiers,  separated  by  a  vacuum  spatial 
filter  to  suppress  ASE  and  improve  beam  quality.  The  output  beam  diameter  is  1 7 
mm  and  the  final  output  energy  at  248  nm  is  25  ±  3  mJ  with  <5%  ASE.  The 
pulsewidth,  measured  using  two-photon  ionization  in  NO,  is  700  fs.  The  focused 
spot  size  achievable  with  this  system  has  been  determined  indirectly  by  measuring 
the  confocal  parameter  of  a  beam  focused  by  f/3  optics.  The  inferred  focal  spot 
diameter  is  3.6  pm  (twice  the  diffraction  limit),  which  implies  an  intensity  at  the  focal 
plane  of  3.5  x  1017  W/cm2.  For  all  experiments  parabolic  mirrors  are  used  as  the 
focusing  optics  to  preserve  pulsewidth,  minimize  aberrations,  and  avoid  nonlinear 
absorption  and  refraction. 

This  system  is  routinely  operated  as  a  source  for  several  physics  experiments 
[4].  An  x-ray  spectroscopy  experiment  has  shown  that  multiphoton  processes  in  a 
solid  aluminum  target  produce  an  aluminum  ion  plasma  exhibiting  line  radiation  at 
energies  exceeding  2  keV.  Another  experiment  has  shown  that  highly  charged 
ion  states  can  be  produced  by  multiphoton  ionization.  In  xenon,  for  example, 
absorption  of  213  248-nm  photons  yields  a  Xe+11  ion. 


Springer  Series  in  Chemical  Physics,  Vol.48:  Ultrafast  Phenomena  VI 
Editors:  T.  Yajima  •  K.  Yoshihara  •  C.B.  Harris  *S.  Sliionoya 
©  Springer- Verlag  Berlin  Heidelberg  1988 


91 


We  are  currently  building  a  second  high-brightness  system,  based  on  amplifi¬ 
cation  in  XeCI,  that  uses  a  large  aperture  (100  cm2)  final  amplifier  designed  to 
deliver  pulse  energies  approaching  1  J  at  a  maximum  repetition  rate  of  1  Hz.  The 
seed  pulse  generator  scheme  is  sketched  in  Fig.  1.  Pulses  of  175  fs  duration  at 
616  nm  are  initially  generated  in  a  linear-cavity,  dispersion-compensated  dye  laser 
(Rhodamine  6G/DODCI)  that  is  synchronously  pumped  by  a  cw  mode-locked 
Nd:YAG  laser.  The  Nd:YAG  laser  also  provides  1.06-pm  seed  pulses  to  a  regener¬ 
ative  amplifier,  whose  frequency-doubled  output  longitudinally  pumps  a  three- 
stage  dye  amplifier.  This  synchronous  amplification  scheme  has  the  advantages  of 
low  amplified  spontaneous  emission,  good  beam  quality,  and  the  elimination  of  a 
separate  pump  laser  for  the  dye  amplifier.  We  observe  no  temporal  broadening  of 
our  175  fs  pulses  through  this  amplifier.  The  amplified  616-nm  pulses  are  then 
frequency  doubled  to  308  nm  in  a  BBO  crystal.  Pre-amplification  of  these  30-|aJ  uv 
pulses  to  the  3-mJ  level  is  accomplished  with  a  single  small  aperture  commercial 
XeCI  discharge  amplifier.  The  beam  is  then  expanded  in  a  vacuum  spatial  filter 
before  entering  the  final  amplifier.  This  10x10  cm2  aperture  device  consists  of 
two  independently  pumped  discharge  gain  regions  which  share  a  common  x-ray 
preionizer.  The  small  signal  gain,  g0l,  in  each  discharge  region  is  five.  The 
discharges  are  pumped  by  low-jitter,  thyratron-switched  pulse  modulators  with 
three-stage  magnetic  pulse  compression.  The  resultant  jitter  is  less  than  5  ns  over 
a  ~50  ns  gain  time.  In  order  to  maintain  near-diffraction-limited  beam  quality  at  a 
sustained  1-Hz  repetition  rate,  a  transverse  gas  flow  system  is  used.  The  wave 
front  distortion  at  632.8  nm  is  less  than  X/20  over  80%  of  the  aperture  and  the  hot 
gas  clears  within  30  ms  after  a  shot.  Barring  additional  distortion  due  to  nonlinear 
refraction  in  the  output  window,  focal-spot  intensities  >1019  W/cm2  should  be 
obtained  with  this  system. 


Mode-Locked  Dye  Laser 


Fig.  1.  Subpicosecond,  308-nm  seed  pulse  generator 
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Fig.  2.  lout/lin  versus  ljn  for  0.5-inch-thick  CaF2  and  fused  silica  samples 


An  understanding  of  nonlinear  optical  phenomena  such  as  two-photon  absorp¬ 
tion  and  nonlinear  refraction  in  ultraviolet  window  materials  at  excimer  wave¬ 
lengths  is  essential  for  the  design  of  large  aperture  amplifiers.  We  have  measured 
the  two-photon  absorption  coefficient  p  at  248  nm  for  those  materials  (fused  silica 
and  CaF2)  which  can  be  obtained  in  large  apertures.  For  fused  silica  p  =  4.5  ±  2.2 
x  10'11  cm/W,  while  for  CaF2,  p  =  8.3  ±  4.1  x  1012  cm/W.  To  evaluate  the  implica¬ 
tions  of  these  values  of  p  for  KrF  laser  systems,  we  plot,  in  Fig.  2,  l0UAn  versus  ljn 
for  1 ,27-cm-thick  windows  of  fused  silica  and  CaF2.  Both  two-photon  absorption 
and  its  associated  pulsewidth  broadening  are  included  in  the  calculation  of  lout.  At 
lin  =  3  x  1 010  W/cm2,  a  typical  intensity  for  current  systems,  Wlin  =  0.33  for  fused 
silica  and  lout/!in  =  0.66  for  CaF2-  Therefore,  for  large  aperture,  KrF-based,  high¬ 
brightness  lasers,  the  material  for  the  output  window,  as  well  as  for  any  subsequent 
windows  should  be  carefully  chosen  and  the  total  thickness  after  the  gain  medium 
minimized.  In  contrast,  XeCI-based  high-brightness  lasers,  where  the  photon 
energy  is  4  eV,  become  attractive,  since  two-photon  absorption  in  CaF2  is  not 
possible. 
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Until  recently  the  generation  of  tunable  subpicosecond  optical  pulses  in  the  spectral  region  below 
-550  nm  has  been  practically  precluded  by  the  lack  of  suitable  pump  lasers.  The  development  of 
u.v.enhanced  argon  ion  lasers  capable  of  giving  up  to  ~6W  all  lines  u.v.  average  power  has, 
however,  extended  the  potential  tuning  range  of  passively  mode  locked  c.w.  dye  lasers  down  to 
-410  nm.  This  new  spectral  region  is  of  particular  interest  when  frequency  doubled  to  yield 
femtosecond  optical  pulses  around  248  nm  for  amplification  in  high  power  Krypton  Fluoride  laser 
systems  and  from  -205  nm  to  400  nm  for  time-resolved  spectroscopy  of  organic  molecules.  In  this 
work  we  report  on  the  direct  generation  of  femtosecond  pulses  from  488  nm  to  554  nm  using 
passively  mode  locked  c.w.  Coumarin  dye  lasers.  Table  1 .  shows  the  new  combinations  of  the  gain 
and  absorber  dyes  demonstrated  and  gives  the  tuning  ranges  and  minimum  pulse-widths  achieved 
(assuming  a  sech2  pulse  profile). 


Table  1.  New  passively  mode  locked  c.w.  dye  lasers 


GAIN/ABSORBER 

SPECTRAL  RANGE 

PULSE  DURATIONS 

Coumarin  102/DOCI 

487-510 

nm 

tp>  93 

fs 

Coumarin  6H  /  DOCf 

492-507 

nm 

tp>  no 

fs 

Coumarin  102/DQTI 

492-512 

nm 

tp>140 

fs 

Coumarin  102/D9MOCI 

488-511 

nm 

tp>140 

fs 

Coumarin  102  /  DPQI 

494-511 

nm 

tp>  150 

fs 

Coumarin  1  /  DOCI 

501-508 

nm 

tp>  130 

fs 

Coumarin  6  /  DI 

518-554 

nm 

tp>  95 

fs 

Figure  1.  shows  the  absorption  profiles  of  the  saturable  absorbers  and  it  should  be  noted  that  for  a 
given  wavelength  it  is  possible  to  generate  femtosecond  pulses  with  a  wide  range  of  absorption 
cross-sections  (  and  hence  "S"  parameters  [1] ).  The  cavity  configuration  is  shown  in  Figure  2.  A 
colliding-pulse  ring  laser  with  the  standard  prism  sequence  was  employed,  after  the  manner  of 
Valdmanis  et  al.  [2).  The  mirrors  were  all  single-stack  dielelectric  coatings  of  100%  reflectivity  at 
normal  incidence  except  mirror  M6  which  was  of  99%  reflectivity  .  Control  of  the  laser  wavelength 
and  bandwidth  was  achieved  using  the  aperture  A  located  at  the  midpoint  of  the  prism  sequence 
where  there  is  a  spatial  distribution  of  the  laser  spectrum.  Translation  of  one  of  the  prisms  along  its 
axis  of  symmetry  was  used  to  vary  the  intracavity  group  velocity  dispersion.  The  active  folding 
mirrors  (M2  ,  M3)  were  of  50  mm  radius  of  curvature  and  the  passive  folding  mirrors  (M4  ,  M5  )  of 
25  mm.  Mirror  Ml,  of  40mm  radius  of  curvature,  focussed  the  pump  radiation  into  a  dye  jet  of 
~400um  thickness.  This  unusually  thick  jet  was  necessary  to  achieve  a  reasonable  absorption  of  the 
pump  beam  since  the  absorption  cross-sections  of  the  Coumarin  dyes  are  low  compamf  ’hr:  of 
Rhodamine  6G.  A  standard  Coherent  Radiation  nozzle  was  used  for  the  absorber  jet  stream.  The 
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Figure  1 .  Absorption  profiles  of  saturable  absorbers  used 


pump  source  was  a  Coherent  100  UV-E  argon  ion  laser  which  provided  the  488  nm  pump  radiation 
for  the  Coumarin  6  laser  and  the  all  lines  u.v.  (up  to  ~6W  )  for  the  other  systems. 

All  the  other  systems  reported  here  exhibited  the  high  stability  characteristic  of  all  passively  mode 
locked  dye  lasers  which  are,  when  available  [3],  generally  preferable  to  synchronously  pumped 
schemes  because  the  difficulties  and  expense  of  active  mode  locking  and  cavity  length  stabilization  are 
avoided.  In  addition,  passively  mode  locked  laser  systems  generate  qualitatively  better  pulses  as 
evinced  by  the  autocorrelation  traces  not  exhibiting  the  exponential  wings  indicative  of  pulse  profile 
fluctations. 

Figure  3.  shows  an  autocorrelation  trace  of  pulses  obtained  at  497  nm  from  the  Coumarin  102  / 
DOCI  system  which  were  within  20%  of  their  transform- limited  duration  -  as  were  the  durations  of 


95 


r 


Figure  3. 


Autocorrelation  trace  of  pulses  at  497  nm 


the  pulses  from  the  other  optimised  systems.  Average  output  powers  were  typically  of  the  order  of  5 
mW  per  beam  for  pump  powers  around  4W.  It  is  expected  that  similar  lasers  will  be  developed  to 
operate  at  yet  shorter  wavelengths. 

The  authors  gratefully  acknowledge  the  assistance  of  M.M.Opalinska  and  J.A.R. Williams  and  the 
support  of  the  Royal  Society  and  the  Science  and  Engineering  Research  Council.  This  work  was 
carried  out  in  association  with  the  Blackett  Laboratory  Laser  Consortium. 
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The  direct  generation  of  tunable  uitrafast  pulses  in  the  blue  region  of  the 
optical  spectrum  has  previously  been  limited  to  a  few  attempts  at  syn¬ 
chronously  pumping  a  three  mirror  dye  laser  cavity  by  a  modclockcd  ion  laser 
operating  in  the  near  UV  [1J.  The  relatively  low  power  of  the  Argon  laser  in 
this  region  requires  that  one  simultaneously  modelocks  the  three  closely 
spaced  lines  at  333,351,  and  364  nm.  The  result  is  an  incompletely  modclockcd 
pulse  sequence  with  a  300  ps  halfwidth  and  low  output  power,  which  cannot  be 
effectively  used  as  a  dye  laser  pump  source.  Frequency  doubling  of  near  IR 
dye  laser  output  has  the  disadvantage  of  being  limited  to  UV  powers  in  the  sev¬ 
eral  milliwatt  range. 

Direct  generation  of  femtosecond  pulses  in  more  complex  dye  laser  struc¬ 
tures,  such  as  two  jet  hybridly  modclockcd  dye  lasers  or  more  recently  devel¬ 
oped  dispersion  compensated  variants  of  them  [2],  requires  a  pump  source  de¬ 
livering  several  hundreds  of  milliwatts  average  power  in  a  modclockcd  train 
of  pulses  stable  in  shape,  phase  and  amplitude. 

Recent  advances  in  high  power  fundamental  mode  Nd+3:YAG  lasers  capable 
of  generating  over  22  watts  of  modelockcd  average  output  at  1064  nm  [3]  cou¬ 
pled  with  new  nonlinear  optical  material  developments  [4]  have  made  the 
third  harmonic  of  the  modelockcd  YAG  a  viable  alternative  for  synchronous 
pumping  of  femtosecond  dye  lasers.  We  report  the  first  demonstration  of  high 
average  third  harmonic  (355  nm)  powers  of  nearly  2  watts,  from  a  cw  mode- 
locked  YAG  laser  (76  MHz)  and  the  successful  utilization  of  this  new  capability 
as  a  pump  source  for  a  dispersion  compensated  two  jet  Stilbcnc  3  dye  laser. 

Third  harmonic  generation  was  achieved  by  sum  frequency  mixing  the 
second  harmonic  of  the  YAG  at  532  nm  with  the  fundamental  at  1064nm  in  a 
Type  I  angle-tuned  (critically)  phase-matched  p  B  a  B  2O4  crystal.  In  this 
mixing  process  the  third  harmonic  power,  P355,  is  proportional  to  the  product 
of  the  power  in  the  fundamental  Pi064,  and  the  second  harmonic  P532,  that  is, 

P355  =  tl  P1O64P532  .  (1) 

Figure  1  shows  the  third  harmonic  output  power  (without  accounting  for 
Fresnel  losses)  plotted  versus  the  product  of  the  fundamental  and  second  har¬ 
monic  powers  for  an  uncoated  6.9  mm  length  pBaB2C>4  crystal.  This  data  was 
taken  at  a  constant  YAG  fundamental  output  power  of  23  watts  by  varying  the 
fraction  of  1064  converted  to  532.  The  pulsewidth  of  the  fundamental  was  80ps. 
A  least  squares  fit  to  this  data  yields  a  slope  of  T|  =  0.02 1W*L  The  total  power 

density  in  the  (3BaB204  crystal  was  =  250  MW-cm"2. 

The  large  Poynting  vector  walk-off  of  pBaB204  (51  mrad  at  1064nm)  results 
in  a  highly  distorted  third  harmonic  beam.  Thorough  analysis  of  the  beam 
propagation  after  the  crystal  led  to  the  design  of  a  compensating  optic  which 
transformed  the  output  into  a  low  divergence  beam  with  an  aspect  ratio  close 
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Figure  1  :  CW  modclockcd  third  harmonic  output  power  versus  the 
product  of  the  fundamental  and  second  harmonic  power  at  constant  YAG 
1064  output  of  23  watts. 


to  1.0.  A  qualitative  measure  of  the  magnitude  of  the  low  order  (gaussian-like) 
component  in  this  beam  is  given  by  the  overall  conversion  efficiency  obtained 

when  the  tripled  output  is  used  to  synchronously  pump  a  dye  laser.  Conver¬ 
sion  efficiencies  as  high  as  35%  have  been  observed  at  435  nm  in  a  single  jet 

fundamental  mode  Stilbcnc  3  dye  laser  pumped  with  1.0  W  at  355  nm. 

Hybrid  modclocking  in  a  2  jet  resonator  configuration  required  identifica¬ 
tion  of  a  material  exhibiting  saturable  absorption  in  the  spectral  region  420- 
470  nm.  Several  dyes  were  investigated  for  this  purpose  and  Coumarin  535  was 
found  to  have  the  most  desirable  properties.  The  result  was  an  output  tunable 

from  420-470  nm  with  output  powers  of  40-60  mW  for  a  pump  power  of  600mW 

at  355  nm.  Synchronous  pumping  of  this  uncompensated  2  jet  laser  however, 
resulted  in  pulses  with  a  large  residual  chirp.  For  this  laser  configuration, 

using  a  noncolincar  autocorrelation  scheme,  it  was  observed  that  due  to 
spectral  filtering  of  the  chirped  pulse  by  the  autocorrclator  SHG  crystal,  the 
pulsewidth  varied  from  0.5  to  1.2  ps  depending  upon  the  incidence  angle  for 
the  beams  on  the  (3B  a  B 2O4  crystal  used  for  autocorrelation.  This  chirp  is  sub¬ 
stantially  larger  for  this  hybrid  2  jet  laser  operating  in  the  420-470nm  region 
than  for  the  visibie  and  near  infrared  lasers  commonly  used,  possibly  due  to 

inherently  higher  material  dispersions  for  intracavity  optical  components  in 
this  wavelength  region. 

To  compensate  this  residual  chirp  a  2  jet  resonator  containing  4  brewster 
angle  fused  silica  prisms  was  constructed  [5].  The  interprism  separation  as  de¬ 

fined  in  reference  [5]  was  32  cm.  Figure  2  shows  the  variation  of  output  power 
and  pulsewidth  at  452nm  versus  the  pathlcngth  of  intracavity  glass  for  the 
dispersion  compensated  Stilbcnc3/C535  laser  pumped  with  1.8  W  at  355nm. 

The  variation  of  the  autocorrelation  trace  as  a  function  of  intracavity  glass 
pathlcngth  is  shown  in  Fig. 3.  Each  autocorrelation  trace  represents  the  av¬ 
erage  of  5  "real  time"  traces  collected  over  a  period  of  1  second  and  is  therefore 
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Figure  2'  Variation  of  output  power  and  pulscwidth  (assuming  scch~)  ver- 
susintracaviiy  glass  pathlcngth  for  dispersion  compensated  ^  jet  hybrid 
modclockcd  Stilbcnc  3/C535  dye  laser  pumped  with  1.8  W  at  355nm. 


Delay  Time  (fs) 


Figure  3  :  Variation  of  autocorrelation 
for  dispersion  compensated  2  jet 
laser  operating  at  452  nm. 


trace  with  intracavity  glass  pathlcngth 
hybrid  modclockcd  Stilbcnc  3/C535  dye 


the  sum  of  approximately  1  9x  104  pulses.  The  autocorrelation  trace  corre¬ 
sponding  to  the  position  of  optimum  glass  pathlcngth  (35.6mm)  is  observed  to 
have  a  width  of  355fs.  Current  theoretical  and  experimental  understanding  of 
the  modclocking  process  in  this  laser  system  indicates  tha‘  4  ^Pfrb“’’c,  scc 
squared  pulse  shape  is  expected  which  would  imply  a  pulse  FWHM  -  -2Uls- 

The  use  of  the  frequency  tripled  output  of  modclockcd  lasers  as  a  pump 

source  for  synchronous  dye  lasers  prov.dcs  a  c°7c";c  ’  moC  fcal°fs„ 
generating  tunable  ullrafast  pulses  in  the  blue  end  of  the  P3  ™„d 

Uitrafast  time  domain  studies  using  dyes  such  as  Stilbcnc  1. 

Coumarin  102  become  feasible  for  the  first  time. 
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1.  Intracavitv  Frequency  Doubling:  A  New  Class  of  Ultraviolet  Femtosecond  Sources 

Despite  extensive  development  of  new  femtosecond  dye  lasers  operating  from  green  to  near 
infrared  [1],  femtosecond  source  lasers  in  the  blue  and  ultraviolet  have  been  lacking.  Using  the 
simple,  non-perturbative  technique  of  intracavity  frequency  doubling,  we  have  developed  an 
efficient,  high  repetition  rate  source  of  synchronized  ultraviolet  and  red  femtosecond  pulses  [2], 
This  new  UV  source-  is  useful  in  photoexcitation  of  molecular  absorption  bands, 
photoionization,  photoemission,  and  tight  focusing  applications  such  as  electro-optic  sampling 
of  high  speed  integrated  circuits. 

Figure  la  shows  the  intracavity  subresonator  which  we  have  added  to  a  colliding  pulse 
mode-locked  (CPM)  laser  to  focus  intracavity  red  pulses  into  a  thin  KDP  crystal  cut  for  Type  I 
phase  matched  second  harmonic  generation  at  Brewster  angle  incidence.  Linear  dispersion  of 
the  crystal  was  compensated  by  an  intracavity  prism  configuration.  Red  pulse  durations  of 
50-70  fs  were  preserved,  without  bandwidth  limitation  or  power  reduction,  as  shown  in  Figs, 
lb  and  lc.  Using  a  1  mm  thick  KDP  crystal  an  ultraviolet  beam  of  -  1  mW  average  power  (~ 
10  pj  /pulse)  was  extracted  through  the  dichroic  mirror  as  shown  in  Fig.  la.  Average  UV 
powers  as  high  as  20  mW  have  been  obtained  with  the  more  efficient  BBO  doubling  crystal 
[3],  UV  pulse  durations  range  from  40  fs  to  170  fs  depending  on  crystal  thickness. 

In  contrast  to  our  observations,  previous  attempts  at  intracavity  frequency  doubling  of 
actively  and  synchronously  mode-locked  lasers  [4]  resulted  in  mode-locking  instability,  pulse 
broadening,  and  bandwidth  limitation,  even  though  these  lasers  operated  in  the  picosecond, 
rather  than  the  femtosecond,  time  domain.  Passively  mode-locked  lasers,  on  the  other  hand, 
possess  a  built-in  stabilization  mechanism  which  avoids  these  problems,  as  depicted  in  Fig.  2a. 
Temporal  broadening  occurs  in  the  crystal  because  power  dependent  loss  selectively  attenuates 


Fig.  1  a)  Schematic  of  the  subresonator  for  intracavity  frequency  doubling;  b)  autocorrelation 
traces  and  c)  spectral  intensity  profiles  of  the  fundamental  red  pulses  without  the  intracavity 
doubling  crystal  (dashed  curves)  and  with  the  intracavity  crystal  tuned  for  maximum  output 
power  (solid  curves) 
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Fig.  2  a)  Changes  in  intracavity  pulse  envelope  which  occur  upon  passage  through  the  major 
components  of  a  passively  mode-locked  laser  with  intracavity  frequency  doubler;  b)  graphical 
representation  of  the  stable  mode-locking  regime  as  a  function  of  saturable  loss  q,  saturable  gain 
g(i),  and  a  dimensionless  second  harmonic  generation  parameter  y,  based  on  Haus'  passive 
mode- locking  theory.  The  points  A,  B,  and  C  represent  stable  operating  conditions  at  0,  1.2%, 
and  2.4%  conversion  efficiency  which  correspond  to  equal  intracavity  pulse  duration  (70  fs  ) 
and  energy  (5  nj  ) 

the  peak  of  the  pulse.  Passage  through  a  saturable  absorber,  on  the  other  hand,  selectively 
attenuates  and  therefore  sharpens  the  leading  edge  of  the  pulse.  Analogously  gain  saturation 
sharpens  the  trailing  edge.  Adjustment  of  absorber  and  gain  saturation  levels  can  therefore 
precisely  compensate  the  pulse  broadening  caused  by  the  doubling  crystal.  Intracavity  doubled 
passively  mode-locked  lasers  therefore  constitute  a  whole  new  class  of  blue  and  ultraviolet 
femtosecond  sources. 

We  have  quantified  these  general  concepts  by  modifying  Haus’  theory  of  the  passively 
mode-locked  laser  to  include  an  intracavity  frequency  doubler  [5].  Fig.  2b  graphically  illustrates 
our  model  of  the  stable  operating  regime  as  a  function  of  saturable  loss  (q),  saturable  gain  (g(i)), 

and  second  harmonic  conversion  efficiency  (y).  Note  that  stable  operation  can  always  be 
recovered  by  adjusting  gain  or  loss  (i.e.  adjusting  pump  power  or  intracavity  focus  into 
saturable  absorber).  Similar  calculations  from  our  model  r5]  demonstrate  the  preservation  of 
fundamental  pulse  duration  and  energy  within  the  stable  regime  for  conversion  efficiencies 
ranging  from  0  to  5%,  in  accord  with  experimental  observations  [2,3]. 


2.  Tight  Focusing  of  Millijoule  Femtosecond  Pulses:  Light  Intensity  >  1016  W/cm2 

Amplification  of  femtosecond  pulses  to  millijoule  and  higher  energies  has  opened  up  the 
study  of  the  interaction  of  matter  with  radiation  fields  of  unprecedented  intensity.  The  output  of 
high  power  femtosecond  amplifiers,  however,  often  suffers  from  poor  transverse  beam  quality 
and  limited  focusability  caused  by  severe  phase  front  distortion  during  the  amplification  process. 
We  have  constructed  a  high  power  dye  amplifier  pumped  by  a  Q-switched  Nd:  YAG  laser  which 
achieves  near  diffraction-limited  focusing  of  100  fs  millijoule  pulses  without  any  spatial 
filtering  [6].  The  peak  intensity  at  our  tightest  focus  (~  2  pm  radius)  exceeds  1016  W /cm2, 
where  breakdown  of  air  and  other  gases  at  pressures  of  1-10  atm  is  easily  observed. 

Critical  to  achieving  this  result  was  a  final  stage  gain  cell  of  conical  axicon  geometry  [7],  as 
shown  in  Fig.  3a.  The  first  three  stages  (not  shown)  use  standard  transversely  pumped  gain 
cells  to  pre-amplify  femtosecond  pulses  from  a  CPM  to  -  0.1  mj  at  10  Hz  repetition  rate. 
These  pulses  are  then  expanded  to  1  cm  diameter  and  injected  into  the  gain  region  of  the  axicon, 
an  8  cm  long  cylindrical  flow  tube  containing  Rh640  centered  on  the  axis  of  a  solid  glass  cone. 
Incident  to  the  base  of  the  cone  and  expanded  to  match  its  8  cm  radius,  counter-propagating 
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Fig.  3  a)  Final  stage  geometry  for  the  femtosecond  axicon  dye  cell  amplifier;  b)  beam  waist 
profile  of  unamplified  CPM  output  (bottom  curve),  pre-amplified  output  prior  to  axicon  cell 
(middle  curve),  and  fully  amplified  output  from  axicon  cell,  all  at  focus  of  a  7x  microscope 
objective;  c)  Spectra  of  100  fs  millijoule  pulses  transmitted  through  air  breakdown  spark,  with 
focal  intensity  increasing  toward  the  front  in  increments  of  0.1  optical  density.  Arrow  denotes 
breakdown  threshold;  successive  curves  have  been  displaced  from  each  other  in  an  exact 
vertical  direction  to  emphasize  blue  shift  as  intensity  increases 

220  mJ  ,  532  nm  pump  pulses  internally  reflect  from  the  sides  and  enter  the  gain  medium  at 
radial  incidence,  thereby  maximizing  pump  absorption  efficiency,  Gaussian  beam  quality,  and 
focusability  [6,7].  Figure  3b  shows  measurements  of  transmission  of  the  beam  focused  at  f/2 
through  a  3  pm  pinhole  translated  in  1  pm  steps  across  the  beam  waist,  and  demonstrates  the 
extremely  tight  focusability  of  millijoule  femtosecond  pulses  amplified  in  such  a  cell.  While  a 
slight  degradation  in  focusability  occurs  in  the  pre-amplification  stages,  the  axicon  cell  preserves 
focusability  perfectly. 

Figure  3c  shows  the  pronounced  blue  shift  in  the  spectrum  of  100  fs  pulses  tightly  focused 
in  air.  This  blue  shift  is  caused  by  a  rapid  negative  refractive  index  change  as  a  plasma  is 
created  during  the  pulse.  Below  breakdown  threshold  (back  spectrum  in  Fig.  3c)  the  spectrum 
is  centered  at  626  nm  and  is  indistinguishable  from  that  of  the  unfocused  pulse.  Above 
threshold  the  blue  shift  increases  with  focal  intensity  until  saturating  at  a  center  wavelength  of 
615  nm  at  a  focal  intensity  of  2  x  1015  W/cm2  (third  spectrum  from  front)  and  above.  The  blue 
shift  saturates  at  1 1  nm  because  air  within  the  focal  volume  has  been  completely  ionized.  At 
higher  gas  pressures  and  with  different  gases  we  have  observed  blue  shifts  as  large  as  100  nm, 
causing  a  visible  change  in  beam  color.  Self-focussing  and  continuum  generation  are 
suppressed  because  of  the  extremely  short  interaction  length  (*-100  pm)  with  tight  focusing. 
Such  blue  shifts  can  complement  other  diagnostics  (e.g.  photoelectron  spectroscopy)  of  the 
ionization  process  in  the  strong  field,  above  threshold,  collisionless  regime.  They  also  provide 
a  simple  means  of  tuning  powerful  femtosecond  pulses  with  virtually  no  loss  in  energy. 
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Part  III 


Propagation,  Control  and 
Measurement  of  Ultrashort 
Light  Pulses 


Dispersive  Pulse  Shaping  and  Soliton-like  Pulses 
in  a  Passively  Mode-Locked  Dye  Ring  Laser 

D.  Ktihlke,  T.  Bonkhofer,  U.  Herpers,  and  D.  von  der  Linde 

Universitat-GHS-Essen,  Institut  fur  Laser  und  Plasmaphysik, 
D-4300  Essen  1,  Fed.  Rep.  of  Germany 


Recent  Investigations  have  revealed  that  in  passively  mode-locked  dye  lasers 
two  mechanisms  are  responsible  for  the  formation  of  femtosecond  pulses. 
These  are  saturation  of  the  absorption  and  gain  [1]  and  the  combined  action 
of  self-phase  modulation  and  group  velocity  dispersion  (dispersive  pulse 
shaping)  [2].  However,  the  actual  contribution  of  each  of  the  two  mechanisms 
to  the  ; . lse  shaping  has  not  been  investigated  in  detail. 

In  this  paper  we  report  on  measurements  on  a  colliding-pulse  mode-locked 
dye  laser  which  enabled  us  to  estimate  the  influence  of  either  mechanism  to 
the  relative  pulse  shortening  per  round  trip  in  the  steady  state  regime.  He 
found  that  the  shortest  pulses  occur  when  the  dispersive  pulse  shaping  domi¬ 
nates.  The  variation  of  the  absorber  concentration  and  the  pump  power  revea¬ 
led  that  for  low  concentrations  and  low  pump  powers  pulse  shaping  is  mainly 
governed  by  saturation  effects  whereas  for  high  concentrations  and  high  pump 
powers  dispersive  effects  dominate. 

We  used  a  standard  rhodamine  6G/D0DCI  CPM  dye  laser  with  a  four  prism  se¬ 
quence  to  control  the  group  velocity  dispersion  [2],  We  measured  energy, 
duration  and  spectra  of  the  pulses,  beam  diameters  in  the  dye  jets,  dye  con¬ 
centrations  and  the  optical  path  through  the  four  prism  sequence. 

To  evaluate  the  influence  of  the  two  pulse  shaping  mechanisms  we  consi¬ 
dered  a  stationary  round  trip  model.  Pulse  broadening  per  round  trip  due  to 
the  bandwidth  limitation  of  gain  and  absorption  is  compensated  by  pulse 
shortening  per  round  trip.  We  calculated  the  decrease  of  the  pulse  duration 
per  round  trip  due  to  saturation  effects  from  a  rate  equation  model  for  the 
dynamics  of  a  two-level  system  [1],  To  evaluate  the  influence  of  dispersive 
effects  we  assumed  that  the  phase  modulation  of  the  pulses  is  compensated  by 
the  group  velocity  dispersion.  The  actual  dispersive  pulse  shortening  is 
then  calculated  from  the  group  velocity  dispersion  of  the  four  prism  se¬ 
quence  which  is  neccessary  to  obtain  shortest  pulses. 

Fig.  la  shows  the  estimated  relative  change  of  the  pulse  duration  caused 
by  saturation  (open  squares)  and  by  dispersive  effects  (full  squares)  as  a 
function  of  the  absorber  position  relative  to  the  beam  waist.  The  arrows  in¬ 
dicate  the  positions  where  the  shortest  pulses  (55  fs)  occur.  The  data  indi¬ 
cate  that  at  these  positions  the  dispersive  pulse  shaping  is  dominant  and 
that  the  contributions  due  to  saturation  effects  are  practically  neglegible. 
The  pulse  duration  is  175  fs  when  the  absorber  is  placed  at  the  beam  waist. 
Here  the  relative  change  of  the  pulse  duration  is  distinctly  less  and  satu¬ 
ration  pulse  shaping  is  the  dominant  process. 

We  also  performed  measurements  for  different  absorber  dye  concentrations. 
For  each  concentration  the  absorber  position  and  pump  power  was  adjusted  to 
obtain  shortest  pulses.  Fig.  lb  shows  the  estimated  relative  decrease  of  the 
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Fig.  la  Fig.  1b 

Relative  shortening  of  the  pulse  duration  per  round  trip  as  a  function  of 
the  absorber  distance  from  the  beam  waist  (a),  and  of  the  absorber  concen¬ 
tration  and  the  pump  power  (b)  due  to  saturation  effects  (open  squares)  and 
dispersive  effects  (closed  squares).  The  arrows  in  la  indicate  the  absorber 
positions  of  shortest  pulses. 


pulse  duration  per  round  trip  as  function  of  the  absorber  concentration  and 
the  pump  power.  The  plot  reveals  that  at  low  absorber  concentrations  (<i 
mMol/1)  and  small  pump  powers  (<  2W)  the  saturation  pulse  shaping  is  the 
dominant  process.  The  pulse  duration  is  about  200  fs.  When  the  pump  power  is 
increased  to  2.5  W  the  pulse  duration  decreases  to  125  fs  and  dispersive 
pulse  shaping  becomes  the  leading  mechanism.  The  reason  is  that  the  rise  of 
the  pump  power  increases  the  intracavity  power  and,  consequently,  the  self¬ 
phase  modulation  produced  in  the  dye  solvents.  On  the  other  hand,  to  obtain 
shortest  pulses  the  absorber  jet  is  moved  away  from  the  beam  waist  with  in¬ 
creasing  pump  power.  The  resulting  increase  of  the  beam  area  causes  a  de¬ 
crease  of  the  absorber  saturation.  The  longer  pulses  and  the  less  pulse 
shortening  compared  with  Fig.  la  are  probably  caused  by  a  non-optlmal  cavity 
adjustment . 

Dispersive  pulse  shaping  can  lead  to  pulses  resembling  higher  order  soil- 
tons  [3].  N  «  3  solitons  show  periodic  changes  of  the  pulse  shape,  but  the 
pulse  energy  is  constant  [4].  The  autocorrelation  averaged  over  the  soli  ton 
period  consists  of  a  central  maximum  and  two  symmetric  secondary  peaks.  To 
detect  the  periodic  changes  we  took  advantage  of  the  fact  that  upon  second 
harmonic  generation  changes  of  the  pulse  shape  of  the  fundamental  are  trans¬ 
formed  into  variations  of  the  pulse  energy  of  the  second  harmonic.  The  modu¬ 
lation  frequency  and  the  peak  intensity  variation  can  then  be  evaluated  from 
the  power  spectrum.  We  have  observed  soliton-like  pulses  in  our  CPM  laser 
when  the  group  velocity  of  the  cavity  was  adjusted  to  a  slightly  greater 
value  than  that  required  for  shortest  pulses.  Figure  2  shows  a  2  MHz  section 
of  the  power  spectrum  of  the  second  harmonic  pulse  train.  There  is  the  sharp 
central  component  corresponding  to  the  cavity  round  trip  frequency  and  side¬ 
band  frequencies  of  M80  kHz  which  does  not  appear  in  the  power  spectrum  of 
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Fig.  2  Section  of  the 
power  spectrum  of  the  se¬ 
cond  harmonic  of  a  N  *  3 
soliton-like  pulse  train 
centered  around  114.6  MHz. 
The  frequency  resolution 
is  10  kHz. 


the  fundamental  pulse  train.  This  frequency  is  attributed  to  half  a  soliton 
period.  From  the  power  ratio  of  the  side  and  the  central  peak  we  estimated 
the  variation  of  the  peak  Intensity  of  the  fundamental  pulse  train  to  be 
641.  This  agrees  well  with  the  modulation  depth  of  71?  that  is  evident  from 
the  numerically  calculated  evolution  of  a  N  =  3  soliton  [4], 

The  pulse  peak  intensity  estimated  from  our  laser  parameters  and  the  ob¬ 
served  soliton  frequency  also  agree  Quite  well  with  the  values  theoretically 
expected  for  a  N  =  3  soliton  [4].  Thus  we  think  that  these  phenomena  can  be 
attributed  to  soliton-like  behavior. 

Finally  we  note  that  in  some  cases  autocorrelations  with  three  humps  re¬ 
sembling  N  «  3  soliton  behavior  were  seen  but  the  side  bands  in  the  second 
harmonic  spectra  were  absent.  It  appears  that  in  these  cases  the  structure 
of  the  autocorrelation  was  due  to  different  pulsing  modes  of  the  laser,  pos¬ 
sibly  a  temporally  stable  double  pulse  structure. 
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Control  and  Characterization  of  Soliton-like  Pulses 
in  a  Femtosecond  Dye  Laser 

W.L.  Nighan,  Jr.,  T.  Gong,  and  P.M.  Fauchet 

Princeton  Laboratory  for  Ultrafast  Spectroscopy, 

Department  of  Electrical  Engineering,  Princeton  University, 
Princeton,  NJ08514,  USA 


The  balance  of  positive  self-phase  modulation  (SPM)  and  negative  group  velo¬ 
city  dispersion  (GVD)  that  enhances  ultrashort  pulse  formation  in  a  dispersion  com¬ 
pensated,  colliding  pulse  modelocked  (CPM)  dye  laser  [1,2]  has  been  compared  to 
the  shaping  mechanism  for  the  N=1  soliton  in  an  optical  fiber  [3,4].  Periodic  pul¬ 
seshaping  reminiscent  of  higher  order  solitons  has  also  been  observed  [5-7],  It  is 
however  unclear  how  far  the  analogy  with  solitons  in  an  optical  fiber  can  be 
extended.  We  report  here  results  of  our  investigation  of  periodic  pulseshaping  in  a 
7  mirror/4  prism  CPM  laser  that  delivers  pulses  as  short  as  35fs  at  100  MHz.  The 
stability  achieved  allows  for  reproducibility  and  full  time-resolved  characterization. 

We  control  the  order,  period  and  duration  of  the  soliton-like  pulses  (henceforth 
abbreviated  as  solitons)  by  adjusting  the  group  velocity  dispersion  (GVD)  and  self- 
phase  modulation  (SPM)  within  the  laser  cavity.  Starting  from  the  shortest  pulse 
(N=l)  configuration,  higher  order  solitons  are  achieved  by  (1)  increasing  the 
amount  of  SPM  by  translating  the  absorber  jet  much  closer  to  the  intracavity  focus 
or  using  a  thicker  (+  10  n m)  region  of  the  jet, (2)  increasing  the  magnitude  of  the 
negative  GVD  by  translating  a  prism  to  reduce  the  amount  (-  150  /tm)  of  glass 
traversed,  (3)  optimizing  the  alignment  of  the  laser  cavity.  The  clockwise  and 
counterclockwise  beams  are  typically  asymmetrized  by  step  (3),  indicating  that  a 
precise  balance  of  gain  and  loss  is  required  to  support  the  higher  order  solitons. 

The  single  sweep  real-time  intensity  autocorrelations  of  Fig.  1  are  an  illustra¬ 
tion  of  this  control.  Solitons  of  order  3,  2  and  1  are  seen  as  the  absorber  jet  is 
translated  away  from  the  focus.  Modulation  at  the  soliton  frequency  is  clearly  evi¬ 
dent  in  these  single  sweeps.  Full  and  accurate  characterization  of  the  solitons  is 
possible  by  sampling  intensity  autocorrelations,  interferometric  autocorrelations  and 
spectra  during  the  soliton  period.  This  is  achieved  by  using  the  deep  (~  50%) 
modulation  in  a  narrow  spectral  bandwidth  near  the  central  wavelength  to  generate 
a  short  gate  pulse  train  for  a  boxcar  sampler  and  for  an  optical  multichannel 
analyzer  (OMA).  Both  intensity  and  interferometric  autocorrelations  taken  at 
points  in  the  2.5  /.iscc  period  of  the  N=2  soliton  of  Fig.  1(b)  are  shown  in  Fig.  2(b) 
and  Fig.  2(c).  Figure  2(a)  shows  spectra  sampled  from  the  period  of  a  similar  N=2 
soliton.  The  autocorrelation  traces  show  that  the  pulse  is  always  composed  of  two 
coherent  peaks  with  a  separation  that  increases  up  to  nearly  one  picosecond.  The 
signal  enhancement  achieved  by  interferometric  autocorrelation  allows  observation 
of  the  weaker  peak  even  where  it  is  no  longer  seen  with  intensity  autocorrelation. 
The  spectra  indicate  the  presence  of  two  major  components  whose  peak  positions 
and  relative  amplitude  vary  periodically. 

The  evolution  characterized  in  Fig.  2  is  reminiscent  of  the  results  of  SALIN  et 
al.  [6],  who  interpreted  their  sampled  intensity  autocorrelations  and  spectra  as  evi- 
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Fig.l.  Single  sweep  real-time  autocorrelation  traces  for  different  jet  positions. 

(a)  N=3:  Jet  at  focus  (b)  N=2:  Jet  50  /iin  from  focus  (c)  N«l:  Jet  250  /im  from  focus 
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Fig.2.  Time-resolved  evolution  of  the  N=2  soliton  of  Fig.  1(b). 

(a)  Spectra  (b)  Intensity  autocorrelations  (c)  Interferometric  autocorrelations 
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dcncc  for  an  asymmetric  N=2  soliton.  Our  output  pulse  energy  is  modulated  by 
~  10%  with  a  period  of  2.5  jjscc,  which  corresponds  to  the  soliton  period.  The  two 
peaks  of  this  soliton  vary  in  separation  (Fig.  3)  but  are  coherent  with  one  another 
(unlike  the  results  of  Ref.  7  which,  however,  were  obtained  under  different  condi¬ 
tions)  and  never  merge  into  a  single  peak.  These  characteristics  may  correspond  to 
a  periodic  motion  of  the  poles  and  residues  used  to  describe  the  N=2  soliton  [5,8). 
Fig.  -1  shows  the  linearity  of  the  soliton  dispersion  relation  as  defined  in  [5].  The 
transition  from  N=2  to  N'=3  as  described  in  Fig.  1  is  analogous  to  increasing  the 
input  intensity  in  a  fiber.  However,  the  period  of  the  evolution  abruptly  doubles 
upon  this  transition,  unlike  what  happens  in  a  fiber.  The  spectral  components  do, 
however,  exhibit  N-l  frequencies  of  modulation.  The  sampled  autocorrelations  for 
the  N=3  case  show  that  the  pulse  is  narrowed  twice  in  its  period,  as  predicted  for 
asymmetric  solilons  of  this  order  in  optical  fibers.  The  abrupt  change  in  period 
upon  the  N=2  to  N=3  transition  may  result  from  the  alteration  in  saturation 
effects  that  accompanies  the  translation  of  the  jet  to  a  point  of  higher  intracavity 
intensity.  The  average  output  pulse  energies  remain  nearly  constant  through  the 
transition. 
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Peak  Separation  (fs) 

Fig-3.  Peak  separation  during 
N=2  soliton  period. 


Prism  Translation  (mm) 
(arbitrary  origin) 

0.00  0.10  0.20 
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Fig. 4.  N=2  soliton  dispersion  rela¬ 
tion.  r  =  pulsewidth  of  soliton  at 
single-peaked  point  of  period. 

#  of  RT—  number  of  cavity 
roundtrips  corresponding  to  a  single 
soliton  period. 


We  have  demonstrated  control  of  soliton  pulseshaping  in  a  femtosecond  CPM 
laser.  Accurate  characterization  is  possible  since  the  pulseshapes  are  stable  and 
reproducible.  Similarities  and  differences  with  solitons  in  an  optical  fiber  have  been 
pointed  out.  The  principles  are  general  and  could  be  applied  to  other  short  pulse 
lasers  in  different  wavelength  regimes. 

This  work  is  supported  by  NSF  (ECS-8606531),  the  NSF  Presidential  Young 
Investigator  Program  (EOS-8657263)  and  ARO  (DAAL03-87-K-0145). 
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Solitons  in  the  Region  of  the  Minimum  Group  Dispersion 
Wavelength  of  a  Single  Mode  Optical  Fibre 
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The  potential  application  of  solitons  [1]  in  future  all-optical,  high  bit  rate,  communication 
systems  has  been  recognised  by  many  authors.  The  power  to  establish  a  fundamental  soliton  is 
inversely  proportional  to  the  square  of  the  pulse  duration  and  directly  proportional  to  the  fibre 
dispersion  [2],  For  pure  silica  fibres,  the  zero  of  the  second  order  dispersion  occurs  at  1 .27pm. 
However,  due  to  the  contribution  of  the  waveguide  dispersion,  the  overall  zero  component  of 
the  second  order  dispersion  is  shifted  to  longer  wavelengths.  For  pulses  launched  in  this 
wavelength  range,  the  effects  of  third  order  dispersion  are  predominant  in  determining  the 
required  power  levels  to  establish  solitons,  while  the  non-linear  Schrodinger  Equation  (NLSE) 
involving  second  order  dispersion,  which  has  been  successful  in  modelling  soliton 
propagation,  is  no  longer  valid.  It  has  recently  been  shown  by  Wai  et  al.|3]  that  solitons  or 
more  precisely  solitary  waves  do  evolve  from  pulses  launched  at  or  in  the  region  of  the 
minimum  dispersion  where  the  effects  of  third  order  dispersion  are  considered  in  the  NLSE. 

In  addition  ,  the  power  levels  required  to  establish  the  solitons  are  substantially  reduced  from 
those  required  to  generate  similar  solitons  further  into  the  anomalously  dispersive  regime. 

We  have  examined  experimentally  the  spectral  and  temporal  evolution  of  pulses  launched  with 
their  spectral  bandwidth  spanning  the  minimum  dispersion  wavelength.  In  good  qualitative 
agreement  with  theoretical  prediction  [3]  it  was  observed  that  as  the  soliton  was  formed,  the 
nonlinearity  gave  rise  to  a  clear  spectral  fragmentation  with  the  associated  generation  of  solitary 
and  dispersive  waves. 

Figure  1  shows  a  schematic  of  the  experimental  arrangement.  The  source  of  pulses  was 
derived  from  ac.w.  mode  locked  Nd:YAG  laser  at  1.32pm.  Using  a  standard  fibre-grating  pair 
compressor  arrangement  the  lOOps  pulses  were  reduced  in  duration  to  ~1 .5ps  ,  with  an  average 
power  of  280mW.  In  order  to  derive  a  source  of  pulses  which  was  tunable  in  the  region  of  the 
minimum  dispersion  wavelength  of  several  fibre  species,  use  was  made  of  stimulated  Raman 
conversion  of  multisoliton  pulses  [4J  or  the  soliton  self  frequency  o!,if.,  as  ::  Ntcmattvely 
known  (51.  By  simply  adjusting  the  power  of  the  1.5ps  compressed  pulses  at  1.32pm  launched 
into  the  140m  length  of  fibre  Ft  with  a  dispersion  minimum  wavelength  Xo=  1.27  pm  the 
amount  of  self  frequency  shift  was  controlled  to  permit  the  generation  of  a  wavelength 
component  which  spanned  the  minimum  dispersion  wavelength  of  fibre  Ft!. 


To  autocorrelator 

Figure  1 .  Experimental  arrangement 


To  autocorrelator/ 
spectrograph 
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Figure  2.  (a)  Input  and  (b)  output  spectra  from  a  fibre  with  a  minimum  dispersion  wavelength 
at  1.38pm. 

Figure  3.  Autocorrelation  traces  of  the  components  in  the  (a)  normally  and  (b)  anomalously 
dispersive  regimes.  The  corresponding  spectra  are  shown. 


Figure  2(a)  shows  the  spectrum  of  the  pulses  which  were  launched  into  Fz.  It  would  have 
been  preferable  to  filter  out  the  self  shifted  spectrum  around  1.38pm  and  launch  it  alone  into 
F2,  however,  such  a  filter  was  initially  unavailable  and  the  remaining  portion  of  the  spectrum 
did  tend  to  mask  some  of  the  spectral  shifting  effects.  Figure  2(b)  is  the  corresponding  output 
spectrum  from  F2  at  a  launched  total  power  of  25mW.  of  which  approximately  6mW  w  as  in  the 
component  at  1.38  pm.  This  clearly  shows  a  spectral  splitting  around  1.38  urn  .  with  the 
spectrum  of  the  soliton  centering  around  1.41  pm  ,  while  in  the  normally  dispersive  regime  the 
peak  shifted  to  around  1.36pm. 

The  variation  of  the  wavelength  shift  with  the  amplitude  of  the  pump  pulse  revealed  the  effect 
in  the  normally  dispersive  regime  to  be  approximately  1.3  times  that  in  the  anomalous  region. 
Theory  has  predicted  that  this  ratio  should  be  1.7  (3) .  However  ,  it  is  possible  that  soliton  self 
frequency  shift  effects  would  increase  the  corresponding  wavelength  shifts  and  so  decrease  this 
ratio. 

Because  of  the  clear  spectral  separation  of  spectra  in  the  normal  and  anomalously  dispersive 
regimes  ,  spectral  filtering  permitted  the  selection  of  the  appropriate  component.  Figure  3 
shows  background  free  autocorrelation  traces  together  with  inserts  of  the  corresponding 
spectral  components  in  the  two  regimes.  From  the  measured  330W  peak  power  of  the  pulses  in 
the  anomalous  regime  it  was  calculated  that  the  pulse  was  propagating  as  a  single  soliton  in  the 
fibre.  In  the  normally  dispersive  region  ,  temporal  broadening  due  to  dispersion  was  apparent 
(see  fig.  3(b)). 

In  conclusion  we  have  shown  reasonable  agreement  with  theoretical  prediction  that  pulses 
launched  into  a  single  mode  fibre  which  span  the  dispersion  mimimum  wavelength  can  generate 
solitary  waves  .  These  exhibit  a  frequency  down  shift  and  their  required  power  levels  are 
substantially  lower  than  those  necessary  for  generation  further  into  the  anomalously  dispersive 
region  .  Such  a  technique  may  be  applicable  to  the  use  of  semiconductor  lasers  as  potential 
sources  of  solitons. 
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Intense  ultrashort  pulses  propagate  in  optical  fibers  under  the  influence 
of  group  velocity  dispersion  (GVD)  and  self -phase -modulation.  Balancing 
these  processes  leads  to  optical  solitons  which  propagate  without  distor¬ 
tion  down  long  lengths  of  fiber.  Bright  soliton  propagation  in  the  nega¬ 
tive  GVD  portion  of  the  spectrum  has  been  investigated  in  detail.  Dark 
solitons,  which  are  predicted  for  positive  GVD  [1],  have  been  studied  much 
less  extensively  (2,3],  in  part  due  to  the  difficulty  of  generating  the 
required  dark  input  pulses.  We  have  developed  a  technique  for  synthesizing 
arbitrarily  shaped  femtosecond  pulses  [4] ,  and  we  apply  this  technique  to 
generate  dark  pulses  for  nonlinear  propagation  studies.  In  this  way  we 
succeed  for  the  first  time  in  clearly  demonstrating  fundamental  dark 
soliton  propagation. 

Dark  soliton  solutions  to  the  nonlinear  Schrodinger  equation  (NLSE) 
consist  of  a  rapid  dip  in  the  intensity  of  a  CW  background.  The  intensity 
of  the  fundamental  dark  soliton  drops  to  zero  at  t=0 ;  we  call  this  a 
"black"  soliton.  Other  dark  solitons  exist  with  lesser  hole  depths;  we 
term  these  "gray”  solitons.  The  black  soliton  is  an  antisymmetric  function 
of  time,  with  an  abrupt  n  phase  shift  at  t=0 .  Gray  solitons  exhibit 
smaller  and  more  gradual  phase  modulations  at  their  center  [1]. 

With  our  pulse  shaping  technique  it  was  most  efficient  to  generate 
100-200  fsec  dark  pulses  on  background  pulses  1-4  psec  in  duration.  For 
this  reason  we  performed  extensive  computer  simulations  to  test  whether 
dark  pulses  could  exhibit  stable  soliton  propagation  with  finite  duration 
background  pulses.  Figure  1  shows  the  results  of  a  simulation  for  an 
odd- symmetry  dark  pulse  on  a  Gaussian  background  for  a  peak  power  equal  to 
the  soliton  power.  Although  the  background  acquires  a  chirp  and  eventually 
broadens,  the  dark  pulse  propagates  almost  without  distortion.  Simulation 
results  for  an  even- symmetry  dark  pulse  are  shown  in  Fig.  2.  The  input  is 
not  a  soliton  solution  to  the  NLSE,  and  the  dark  pulse  breaks  up  into  a 
pair  of  gray  solitons  [5]. 

The  pulse  shaping  apparatus  has  been  described  previously.  Briefly, 
73-fsec,  620-nm  pulses  from  a  CPM  dye  laser  and  a  copper  vapor  laser  pumped 
dye  amplifer  are  shaped  within  a  temporally  nondispers ive  lens  and  grating 
apparatus,  consisting  of  a  pair  of  diffraction  gratings  placed  at  the  focal 
planes  of  a  unit  magnification,  confocal  lens  pair  [4,6],  Spatially  pat¬ 
terned  amplitude  and  phase  masks  are  positioned  midway  between  the  gratings 
where  the  optical  frequency  components  are  spatially  dispersed.  The  shape 
of  the  output  pulse  is  the  Fourier  transform  of  the  pattern  transferred  by 
the  masks  onto  the  spectrum.  In  the  present  study,  intense  shaped  pulses 
are  launched  into  a  1.4-meter  length  of  single-mode,  polarization  preserv- 
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Fig .  1  Propagation  simulation 
for  an  odd- symmetry  dark  pulse 
on  a  Gaussian  background,  with 
peak  power  equal  to  the  soliton 
power , 


Fig .  2  Propagation  simulation  for 
an  even-symmetry  dark  pulse  on  a 
Gaussian  background,  with  the  same 
peak  power  as  in  Fig,  1. 


ing  fiber  (Newport  Corp,  F-SPV).  Both  symmetric  and  antisymmetric  dark 
pulses  are  investigated.  The  intensity  profile  of  the  pulses  emerging  from 
the  fiber  are  measured  by  cross-correlation  with  75-fsec  pulses  directly 
from  the  amplifier. 

An  example  of  our  data  is  shown  in  Fig.  3.  The  input  consists  of  a 
185-fsec,  antisymmetric  dark  pulse  on  a  1.76  psec  Gaussian  background  (Fig. 
3a).  Figures  3b-3e  depict  the  waveforms  emerging  from  the  fiber  at  various 
power  levels.  At  low  power  SPM  is  negligible,  and  GVD  broadens  the  central 
hole  to  more  than  600  fsec.  As  the  power  is  increased,  the  hole  narrows. 

At  300  W  the  hole  is  195  fsec  wide,  close  to  the  width  of  the  input  hole. 
The  data  are  in  quantitative  agreement  with  numerical  solutions  to  the 
NLSE,  which  are  shown  as  solid  lines.  At  high  power  a  pair  of  gray  soli- 
tons  is  predicted  in  addition  to  the  central  black  soliton;  one  gray  soli¬ 
ton  can  be  discerned  in  the  data  (Fig.  3e) .  Our  measurements  constitute 
the  first  clear  observation  of  the  fundamental  dark  soliton  in  fibers. 
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Fie.  3  Measured  (dots)  and 
calculated  (solid  lines)  cross¬ 
correlations  (A)  for  odd-symmetry 
input  pulses  and  (B-E)  for  pulses 
exiting  the  fiber.  (B)  P  -  1.5  W; 
(C)  50  U;  (D)  150  W;  (E)  300  V. 


Fie.  4  Measured  (dots)  and 
calculated  (solid  lines)  cross¬ 
correlations  (A)  for  even-symmetry 
input  pulses  and  (B-E)  for  pulses 
exiting  the  fiber.  (B)  P  -  2.5  W; 
(C)  50  W;  (D)  150  W;  (E)  285  W. 


We  also  performed  experiments  using  even-symmetry  dark  pulses;  data 
for  an  even  dark  pulse  on  a  square-like  background  are  shown  in  Fig.  4. 
Similar  data  were  reported  by  KROKEL  et  al  for  effectively  infinite  dura¬ 
tion  background  pulses  [2],  At  low  power  the  dark  pulse  is  completely 
obscured  by  dispersion.  At  higher  power  the  data  shows  two  shallow  holes 
superimposed  on  a  smooth  background.  According  to  the  numerical  simula¬ 
tions,  these  holes  may  be  low  contrast  gray  solitons.  At  both  low  and  high 
powers,  the  data  are  in  quantitative  agreement  with  numerical  solutions  to 
the  NLSE  (solid  lines) . 

In  summary,  our  data  provides  compelling  evidence  for  dark  soliton 
propagation  in  optical  fibers  and  confirms  the  crucial  importance  of  the 
dark  pulse  phase  profile,  as  predicted  by  theory. 
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White  Light  Interferometric  Measurements  of  Femtosecond 
Group  Delay  in  Optical  Components  with  I-fs  Precision 
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In  femtosecond  spectroscopy  one  of  the  most  important  problems  has  been  the 
lack  of  direct  information  about  the  frequency  dependence  of  the  group  delay 
for  common  optical  components  such  as  mirrors,  filters,  polarizers.  For 
several  years  since  the  invention  of  the  colliding  pulse  modelocked  laser 
(CPM)  [1]  a  well-known  recurring  problem  has  been  the  occasional  "bad 
mirror",  which  prevents  formation  of  high  quality  pulses  of  50  fs  or  less. 
Using  fiber-grating  pulse  compression,  pulses  of  8  fs  duration  were 
produced  [2],  however,  this  result  was  strictly  limited  by  the  cubic  phase 
error  in  the  gratings  [3].  By  including  a  four-prism  sequence,  the  cubic 
phase  error  was  effectively  cancelled  and  pulses  of  6  fs  duration  were 
obtained  [4].  In  this  regime,  many  common  optical  components  are  useless 
because  of  the  variation  of  the  group  delay  for  light  over  the  pulse 
bandwidth.  Novel  phase  correctors  will  be  required  for  error  cancellation, 
and  a  direct  and  simple  measurement  technique  is  needed  for  further  progress 
in  generation  and  measurement.  We  present  the  first  direct  measurements  of 
the  frequency  dependence  of  the  group  delay  for  a  number  of  optical 
components  which  are  commonly  used  in  femtosecond  spectroscopy  [5]. 

VJe  use  a  Hichelson  interferometer  with  a  white  light  "point  source" 
(Oriel  #6342).  A  precision  translator  moves  one  mirror  in  45  nm  steps  and  a 
photomultiplier  records  the  intensity  transmitted  through  a  tunable 
interference  filter  in  the  400-750  nm  range.  We  first  obtain  white  light 
fringes  and  carefully  compensate  the  path  lengths  [6].  We  use  a  simple 
algorithm  to  find  the  time  center  of  the  fringe  packet  as  we  change  the 
wavelength  of  observation.  We  find  that  the  time  center  of  the  fringe  packet 
is  constant  to  within  1  fs  over  the  range  of  400-750  nm.  Thus,  any  optical 
device  which  is  placed  into  one  arm  will  cause  a  time  displacement  of  the 
fringe  packets  if  the  group  delay  varies  by  more  than  1  fs  over  this  range. 
The  time  displacement  is  exactly  the  relative  group  delay  at  that  frequency, 
as  long  as  the  group  delay  does  not  vary  too  rapidly  over  the  filter 
bandwidth.  We  note  that  this  is  not  the  same  as  FTIR  instruments,  because 
devices  are  not  placed  inside  the  interferometer  in  an  FTIR  instrument.  In 
the  present  experiment,  our  filter  bandwidth  is  10  nm.  In  the  most  recent 
embodiment,  grating  tuning  is  used  which  permits  adjustable  bandwidth. 
Figure  1  shows  the  results  for  laser  mirrors  from  an  operational  CPM  laser 
running  at  50  fs  pulsewidth.  The  3%  output  coupler  is  quite  flat  within  its 
design  range,  but  exhibits  oscillations  in  the  blue.  The  corner  mirror  at  45 
degrees  is  also  quite  flat  over  the  bandwidth  of  a  pulse  even  as  short  as  27 
fs,  however,  we  find  that  the  group  delay  is  even  flatter  in  "S" 
polarization.  It  is  now  well-known  that  a  single-stack  design  centered  at 
610  nm  is  the  best  for  intracavity  app 1 icat ions .  In  "S"  polarization,  these 
mirrors  should  be  suitable  for  pulses  of  less  than  10  fs  duration  as  well. 
Figure  2  shows  results  for  a  common  broadband  dielectric  mirror.  These 
mirrors  are  known  to  distort  16  fs  pulses  [7].  The  time  steps  due  to  the 
three  reflection  stacks  are  clearly  observed.  Figure  3  shows  results  for  a 
pair  of  flint  Brewster  prisms  which  are  now  commonly  used  for  dispersion 
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Figure  1.  Results  for  CPM  mirrors  : 

(a)  3%  output  coupler,  (b)  corner  mirror 
in  "P"  and  (c)  in  "S"  polarization. 


Figure  2.  Broadband  dielectric 
mirror  KRC  BD.l  at  normal 
inc  idence . 


correction  [fij.  The  tuning  through  positive  GVD  to  negative  GVD  is  clearly 
observed  in  the  range  of  625  nm.  Strongly  absorbing  elements  also  introduce 
errors.  Figure  4  shows  results  for  two  common  laser  dyes.  A  reference  cell 
has  been  included  in  the  second  arm  of  the  interferometer  with  solvent 
alone,  so  we  measure  the  dispersion  due  to  the  dye  molecules  in  solution 
only.  Figure  5  shows  results  for  a  Gires-Tourno is  interferometer  which  has 
its  first  resonance  around  625  nm.  We  made  two  devices  1.9]  consisting  of  a 
single  high  index  layer  on  different  substrates:  single  stack  centered  at 


WAVELENGTH  (nm) 

675  625  575  525  475  425 


Figure  3.  Flint  Brewster  prisms  for 
two  glass  path  length  settings. 


Figure  4.  Laser  dyes  R6G  and  D0DC1 
in  methanol  at  optical  density  2.0 
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Figure  5.  Resonant  Gires-Tournois  interferometers  consisting  of  70.1  nm 
T1O2  film  on  CPM  corner  mirror  substrate  and  IIRC  ER.2  substrate.  Twelve 
bounces  are  used  to  obtain  these  results.  The  center  wavelength  can  be 
angle-tuned  . 


610  nm  and  the  metal-dielectric  stack  HRC  ER.2  mirror.  The  choice  of 
substrates  is  very  important.  Both  devices  provide  negative  cubic  phase 
which  can  be  used  to  cancel  grating  errors.  These  devices  become  part  of  a 
collection  of  phase  correctors  which  can  be  added  in  series  to  obtain 
various  shapes  for  specific  applications. 

In  summary,  we  have  made  direct  measurements  of  the  frequency  dependence 
of  the  group  delay  of  optical  elements  which  are  commonly  used  in 
femtosecond  spectroscopy.  These  techniques  can  be  extended  to  waveplates, 
polarizers,  interference  and  absorbing  glass  filters  and  combinations  of 
elements . 
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Caution!  IR  Pulses  May  Be  Distorted 
After  Propagation  in  Atmospheric  Air 

A.  Seilmeier,  M.  Worner,  and  W.  Kaiser 

Physik  Department  Ell,  Technische  Universitat  Miinchen, 
D-8000  Miinchen,  Fed.  Rep.  of  Germany 


The  investigation  of  pulse  propagation  effects  in  the  infrared  is  of 
growing  interest  on  account  of  recent  advances  in  the  generation  of  tunable 
picosecond  light  pulses  of  wavelengths  between  5um  and  12um  / 1/ .  Of  special 
importance  is  pulse  deformation  in  atmospheric  air,  which  is  the  favorite 
medium  for  time  resolved  spectroscopy. 

There  exist  numerous  strong  absorption  lines  in  the  infrared  spectrum  of 
atmospheric  air  corresponding  to  rovibrational  transitions  of  H2O  and  CO2 . 
The  transmission  of  energy  of  picosecond  infrared  pulses  is  not 
substantially  affected  by  these  absorption  lines  on  account  of  their  very 
small  line  widths  of  a  few  10" 1  cm" 1 (spectral  width  of  the  pulses  Av=10cm- 1 ) . 
The  pulse  shape,  however,  may  be  changed  considerably  after  passage  of 
the  pulse  over  the  short  distance  of  tens  of  centimeters  in  air  due  to 
coherent  interaction  with  resonant  absorption  lines. 

In  this  paper  we  present  experimental  data  on  coherent  pulse  distortion 
which  -  to  our  knowledge  -  have  never  been  seen  previously  in  laboratory 
air.  Infrared  pulses  (tp  =  2ps)  tunable  between  4  and  12  um  are  produced 
via  difference  frequency  generation  in  AgGaSz .  After  passage  of  a  distance 
of  80  cm  in  air  they  are  upconverted  with  a  visible  light  pulse.  The  cross¬ 
correlation  curve  gives  direct  information  on  the  pulse  shape  of  the 
infrared  pulse. 

In  Fig.  la  a  part  of  the  infrared  absorption  spectrum  of  air  under 
normal  conditions  is  depicted.  There  exist  three  wavelength  regions  with 
strong  absorption  lines.  At  i~6um  and  at  X~2.8pm  the  v2  bending  mode  and 
the  OH  stretching  mode  of  H2O  are  located,  respectively.  Around  X=4.3um  the 
CO2  stretching  mode  is  observed.  In  this  paper  we  focus  on  the 
rovibrational  lines  between  5.3um  and  7.7um.  Part  of  the  infrared  spectrum 
is  redrawn  on  an  expanded  scale  in  Fig.  lb  showing  the  very  complex 
rotational  structure  of  the  vibrational  absorption  band.  The  absolute 
absorbance  of  the  lines  depends  on  the  humidity  of  the  laboratory  air. 

Fig.  lc  shows  one  single  rovibrational  line  at  1576.2  cm"1  measured  with  a 
spectral  resolution  of  0.04  cm'1.  The  spectral  width  of  0.23  cm"1 
corresponds  to  a  dephasing  time  T2=50  ps. 

In  the  following  it  is  shown  that  the  pulse  shape  is  significantly 
distorted  by  interaction  with  rovibrational  lines.  Cross  correlation  curves 
are  presented  for  two  infrared  frequencies  in  Fig. 2.  The  first  example  is 
an  IR  pulse  at  2017  cm'1  where  air  is  highly  transparent  (see  Fig.  la)  .  In 
Fig. 2a  one  sees  the  corresponding  sum-frequency  signal  with  steep  wings 
rising  and  falling  over  four  orders  of  magnitude.  Passage  of  the  infrared 
pulse  through  air  preserves  the  Gaussian  pulse  shape. 
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EAlL._I  Infrared  absorption  of  air  under  normal  conditions 

a)  Survey  of  the  absorption  between  2  and  8  pm,  b)  rovibrational 
lines  of  the  vz  bending  mode  of  H2O,  c)  single  rovibrational  line 
at  1576. 2  cm-1 . 


Quite  different  is  the  situation  for  an  IR  pulse  at  0  =  1576  cm-1  which 
interacts  strongly  with  a  rovibrational  transition  of  water  at  !  = 

1576.2  cm'1  (see  Fig.  lc)  .  The  cross-correlation  curve  depicted  in  Fig. 2b 
shows  a  pronounced  distortion.  One  sees  a  long  tail  with  a  relative  signal 
value  of  10' 3  at  a  delay  time  as  long  as  50  ps. 

The  observations  may  be  explained  as  follows.  The  electric  field  of  the 
infrared  pulse  generates  a  coherent  polarization  of  the  dipole  moment  of 
the  rovibrational  line  which  subsequently  reemits  an  electric  field  with 
opposite  sign.  The  interplay  of  the  macroscopic  polarization  and  the 
electric  field  generates  the  tail  of  the  infrared  pulse.  In  Fig.  2b  the 
absorption  length  is  large  (ol=13).  In  this  situation  the  signal  decays  due 
to  destructive  interference  of  the  electric  field  components  and  due  to 
dephasing  with  T2=50  ps  /2/. 
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Fig^_2  Cross  correlation  of  an  infrared 
pulse  with  a  visible  pulse 

a)  at  Oi r  -  201?  cm'1  in  a  highly 
transparent  region, 

b)  at  vi r  =  1576  cm'1,  where  a 
rovibrational  line  is  located. 


The  solid  line  in  Fig.  2b  is  the  result  of  a  model  calculation  based  on 
a  two  level  system.  The  coherent  pulse  propagation  is  treated  within  the 
framework  of  small  area  pulse  propagation  (  0=( u/ft) /Edt=0. 1  )  /2/.  The 
deviation  of  the  calculated  curve  from  the  experimental  data  around  tD=30ps 
is  observed  when  only  the  line  at  v  =  1576.2  cm'1  is  taken  into  account. 
Including  other  weaker  neighboring  rovibrational  lines  in  the  calculations 
eliminates  the  minimum  in  the  calculated  curve  at  to  =  30  ps. 

The  extended  wing  due  to  coherent  interaction  is  strongly  reduced  by 
performing  the  experiment  in  a  dry  nitrogen  atmosphere  where  the  H2O 
concentration  and  consequently  al  is  lower.  A  reduction  of  the  tail  of  the 
pulse  by  two  orders  of  magnitude  is  easily  obtained. 

Similar  pulse  distortion  is  observed  at  other  frequency  positions  within 
the  rovibrational  manifolds  of  H2O  and  CO2 .  Corresponding  experimental  data 
are  discussed  elsewhere. 

We  point  to  the  importance  of  the  pulse  distortion  for  time  resolved 
infrared  spectroscopy.  At  frequencies,  where  air  exhibits  absorption  lines, 
caution  has  to  be  exercised  to  interpret  the  observed  decay  times.  When  a 
transmitted  signal  is  measured  over  several  orders  of  magnitude  for  a 
detailed  study  of  a  relaxation  process,  one  has  to  be  aware  of  the  pulse 
distortion  in  laboratory  air.  In  certain  wavelength  regions  accurate  data 
require  the  elimination  of  H2O  and  CO2  molecules  in  the  optical  path  of  the 
IR  pulses. 
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It  is  known  from  early  publications  [1]  that  dispersion  -  the 
difference  between  the  phase  and  group  transit  times  -  in 
prisms  introduces  a  continuously  increasing  temporal  delay 
across  the  beam.  The  time  difference  between  the  phase  and 
pulse  fronts  (AT)  is  given  as  a  function  of  the  length  ( A L ) 
and  of  the  dispersion  Mn/dx)  of  the  material  as 


AT 


X 

c 


*r  dn 
AL  dX 


(1) 


If  AL  is  different  across  the  beam,  the  shape  of  the  pulse 
front  will  differ  from  that  of  the  wave  front.  The  simplest 
example  is  a  lens  which  introduces  different  delays  for  the 
various  parts  of  the  beam  [2].  Recent  developments  of  large 
aperture,  femtosecond  uv  excimer  lasers  [3-5]  necessitate  the 
study  of  the  above  problem,  since  pulse  front  distortion 
caused  already  by  a  single  thin  lens  of  these  short  wavelengths 
is  comparable  to  the  pulse  duration. 

The  pulse  front  delay  introduced  by  a  single  planoconvex 
lens  can  be  determined  by  calculating  the  spatial  dependence 
of  AL,  and  substituting  into  (1),  as 


AT 


A  A  An 

c  2  r  dX' 


pulsefront 


Fig.l.  Schematic  of  a  planoconvex  lens  for  the  calculation  of 
the  pulse  front  delay 
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whore  r  is  the  radius  of  curvature  of  the  lens  and  h  is  the 
di.stu.ace  fr or  t'  a  optical  axis  (Fig.l).  For  a  lens  system  the 
final  distortion  is  the  sum  of  the  distortion  of  each  of  the 
lenses : 


1  h2  v  1  dn 

c  2  r,  d\ 
i  i 


For  a  perfect  lens  system  fT  has  to  be  zero,  then  one  gets 
the  general  formula  for  achromats.  This  means  that  by  the  use 
of  achromats  the  spatially  dependent  pulse  front  delay  can  be 
avoided.  However,  in  the  ultraviolet  the  transparent  optical 
materials  have  similar  dispersion,  which  makes  the 
construction  of  uv,  high  power  achromats  quite  complicated. 

One  way  to  avoid  distortion  is  to  use  reflective  optics. 
The  other  is  to  allow  pulse  front  distortions  and  to 
compensate  the  distortion  later,  by  a  correction  device. 
Fossibly  the  simplest  realization  of  such  a  device  is  shown  in 
Fig. 6  consisting  of  a  lens  and  a  mirror.  The  pulse  front 
compensation  takes  Diace  in  the  concave  lens,  where  the  outer 
rays  are  delayed  with  respect  to  the  middle  one. 

For  the  measurement  of  the  pulse  front  distortion  the  newly 
developed  uv  laser  system  was  used  (described  in  Ref.  [  *  ]  )  , 
delivering  -15  mJ,  -500  fs  pulses  at  248  nm.  These  pulses  were 
compressed  to  -60-80  fs  and  measured  by  a  special  aut  • 
correlator  (Fig. 2).  In  this  autocorrelator  the  position  of  tn«= 
first  partial  beam  is  fixed  at  the  aperture,  the  other  can  be 
shifted  by  shifting  the  retroref lector  in  the  direction 
perpendicular  to  the  beam.  Therefore  different  parts  of  the 


spatial 

overlap 


of  the 


Fig. 2.  Schematic 
autocorrelator 
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Fig. 3.-6.  Measured  pulse  front  of  the  direct  output,  after  a 
Kepler  telescope,  after  an  achromatic  telescope,  and  after  a 
compensating  device 


input  be^m  can  be  combined  behind  the  aperture,  where  the 
autocorrelator  measurement  is  done.  When  the  position  of 
mirror  (A)  corresponding  to  complete  temporal  overlap  is 
recorded  as  a  function  of  the  snift  of  the  second  partial  beam 
the  curvature  of  the  pulse  front  can  be  determined.  This  is 
shown  in  Figs. 3-6.  Figure  3  shows  the  measured  pulse  front  of 
the  direct  output  of  our  high  aperture  fs  excimer  laser 
system.  The  pulse  front  is  already  distorted  by  the  lenses 
used  in  the  system.  For  Fig.  4,  the  beam  was  passed  through  a 
Kepler  telescope  formed  by  two  f  =  104  mm  cylindrical  lenses. 
In  this  case,  the  pulse  front  is  clearly  more  distorted  by 
comparison  with  Fig.  3.  Figures  5  and  6  give  examples  for  the 
use  of  pulse  distortion  free  optics  (achromats)  and  compen¬ 
sating  devices,  each  indicating  slight,  or  more  pronounced 
overcompensation.  We  also  calculated  the  curvature  of  the 
pulse  front  for  these  four  cases  and  found  good  quantitative 
agreement  between  the  calculated  and  measured  values. 

In  conclusion  we  have  studied  the  pulse  front  distortion  of 
refractive  optics.  We  derived  a  simple  formula  describing  the 
spatial  dependence  of  the  pulse  front  when  the  pulse  has 
passed  through  a  lens  system.  We  showed  that  no  pulse  front 
distortion  occurs  in  achromats.  A  pulse  front  compensating 
device  is  also  suggested  introducing  a  distortion  of  opposite 
sign.  A  special  autocorrelator  was  developed  for  the 
measurement  of  the  shape  of  the  pulse  front.  With  this  device 
we  found  good  agreement  between  the  experimental  and  the 
predicted  pulse  front  distortions  for  simple  lenses 
(telescopes),  achromats,  and  also  our  compensating  device. 
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Blue  Shifting  of  Intense  Femtosecond  Pulses 
in  Gas  Breakdown  and  Solid  State  Plasmas 
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Physics  Department,  University  of  Texas  at  Austin, 
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We  have  shown  that  millijoule  femtosecond  pulses  can  be  focused  to  spot  radii  as  small  as  2 
microns  when  amplified  in  a  "conical  axicon"  cell,  thus  creating  peak  intensities  of  10  petawatts 
(PW)/cm2  [  1 J.  We  now  use  this  source  to  generate  dense  gas  breakdown  plasmas  in  the  strong 
field  [2],  collisionless  limit  while  using  the  plasma  response  on  the  light  field  in  the  form  of  blue 
shifts  and  defocusing  as  diagnostics  to  characterize  the  femtosecond  ionization  process  (3).  Such 
diagnostics  are  compatible  with  a  wide  range  of  gas  pressures. 

Figure  la  shows  how  the  blue  shift  of  90  fs  pulses  increases  with  light  intensity  after 
focusing  at  f/2  through  a  breakdown  spark  in  1  atm.  neon.  Numerous  observations  support  the 

dominance  of  plasma  generation,  and  the  weakness  of  X*3)  effects,  in  producing  this  shift:  the 
similarity  of  the  blue  shifts  in  different  gases  (neon,  air  [  1  ],  helium,  argon  at  1  atm  )  having  third 
order  hyperpolarizabilities  which  vary  by  more  than  a  factor  of  20  [4];  correlation  of  these  blue 
shifts  with  appearance  of  a  breakdown  spark;  correlation  with  beam  defocusing  caused  by  the 
plasma's  lower  refractive  index;  the  consistent  absence  of  any  red-shifted  spectral  components  (in 
contrast  to  spectral  broadening  observed  by  others  [5,6]  in  the  absence  of  gas  breakdown);  the 
absence  of  supercontinuum  generation  from  intense  femtosecond  excitation  of  neon  up  to  40  atm. 
in  previous  studies  [6];  the  absence  of  self-focusing  or  filamentation  under  breakdown 
conditions.  The  blue  shift  is  caused  by  the  ultrafast  negative  refractive  index  change  when  a 
plasma  is  created  during  the  pulse.  The  temporal  asymmetry  of  the  index  change  is  strong  with 
femtosecond  pulses,  since  electrons  neither  recombine  nor  escape  from  the  focal  region  during 
the  pulse,  thus  eliminating  a  compensating  red  shift,  seen  with  longer  pulses,  when  the  index 
recovers  [3].  According  to  a  Drude  model  the  blue  shift  can  be  approximated  as  [3) 

AA.  =  (A.3  e2  /  27tmc3)  d/dt  JL  N(x)  dx  ( 1 ) 

where  N(x)  is  the  plasma  density  along  the  propagation  direction  x,  and  the  interaction  length  L  is 
approximately  the  confocal  beam  parameter.  The  blue  shift  in  neon  increases  steadily  up  to  our 
highest  intensity  (10  PW/cm2),  rather  than  saturating  because  of  complete  single  ionization  within 
the  focal  volume  at  2  PW/cm2,  as  observed  in  air  [  1 ).  This  difference  may  result  from  the  lower 
ionization  potential  of  nitrogen  and  oxygen  compared  to  neon.  Figure  lb  shows  a  blue  shift 
caused  by  1  uJ  90  fs  pulses  generating  a  dense  (~1020  cm  3)  electron-hole  plasma  in  sapphire 
by  three-photon  absorption  when  focused  at  f/10  into  a  1  mm  sample.  In  contrast  to  the  gases, 
there  is  an  accompanying  red-shifted  feature.  Nevertheless  the  resulting  spectra  are  accurately  fit 
by  combining  plasma  effects  described  by  Eq.l  with  self-phase  modulation  resulting  from  the 
third  order  hyperpolarizability,  as  shown  by  the  dots  in  Fig.  lb. 

Figure  2  shows  other  characteristics  of  the  blue-shifted  pulses.  Figure  2a  shows  the 
defocusing  which  accompanies  blue  shifting,  manifested  as  an  increased  beam  divergence  angle. 
This  effect  is  strongest  in  sapphire  because  of  the  high  plasma  density  and  long  interaction  length 
used.  In  other  solids  this  effect  has  been  used  for  optical  limiting  [7].  In  gases  at  1  atm  with  f/2 
focus,  plasma  defocusing  causes  a  30%  increase  in  divergence  angle  which  can  be  correlated 
quantitatively  with  the  blue  shift.  The  blue  shifted  beam  thus  maintains  sufficiently  good  beam 
quality  to  be  useful  spectroscopically.  The  autocorrelation  traces  in  Fig.  2b  demonstrate  that  the 
glass  f/2  focusing  optics  cause  10%  temporal  broadening  of  low  intensity  pulses  (no  plasma 
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Fig.  1  a)  Spectra  of  90  fs  pulses  transmitted 
through  neon  breakdown  spark,  with  focal 
intensity  increasing  toward  the  front  in 
increments  of  0.2  optical  density. 

Successive  curves  have  been  displaced 
from  each  other  in  an  exact  vertical 
direction  to  emphasize  blue  shift  as 
intensity  increases,  b)  Spectra  of  90  fs 
pulses  after  generating  a  dense  electron-hole 
plasma  in  sapphire  by  a  three-photon 
absorption  process.  Note  blue  shift 
accompanied  by  a  weaker  red-shifted 
feature.  Dots  represent  a  theoretical  fit 


Fig.  2  a)  Refocusing  vs.  peak  focal  intensity  for  sapphire,  1  atm  argon,  and  5  atm  argon.  The 
filled  square  and  circle  denote  the  first  appearance  of  a  breakdown  spark  .  b)  Autocorrelation 
traces  of  unfocused  millijoule  pulses  (lower  trace),  pulses  after  focusing  at  f/2  in  air  by  7x 
microscope  objective  and  recollimation,  but  attenuated  to  avoid  breakdown  spark  (middle  trace), 
and  full  intensity  pulses  after  focusing  at  f/2  through  intense  breakdown  spark  and  recollimation 
(upper  trace).  Cited  pulse  durations  assume  sech2  pulse  shape 
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formed),  and  that  at  high  intensity  the  ionization  process  causes  no  further  measurable 
broadening.  As  gas  pressure  increases  above  1  atm  we  observe  only  a  slight  further  increase  in 
blue  shift,  as  shown  by  the  blue  shifted  neon  spectra  in  Fig.  3a.  The  saturation  of  the  blue  shift 
at  2  to  3  atm  probably  results  from  increased  defocusing  caused  by  the  higher  plasma  density  in 
the  interaction  region.  Consequently  focal  spot  size  is  increased  and  peak  intensity  reduced. 

The  behavior  of  argon  at  5  atm  contrasts  strongly  with  other  gases  we  have  studied.  Just 
above  threshold  the  blue  shift  behaves  as  in  other  gases,  and  is  well  explained  by  Eq.  1.  At  an 
intensity  near  10  PW/cm2,  however,  we  observe  a  sudden  spectral  broadening,  with  components 
blue  shifted  well  beyond  those  observed  in  other  gases,  as  shown  in  Fig.  3b.  The  transmitted 
light  contains  yellow,  green,  and  even  blue  components  visible  to  the  naked  eye,  although  still  no 
components  which  are  red-shifted  from  the  original  pulse  spectrum.  Onset  of  double  ionization, 
for  which  the  threshold  is  lower  in  the  heavy  rare  gases,  may  cause  an  increase  in  the  rate  of 
change  of  plasma  density  dN/dt,  and  may  thus  partly  explain  the  sudden  spectral  change. 
However,  the  absence  of  increased  defocusing  (see  data  for  5  atm  argon  in  Fig.  2b),  as  expected 
from  increased  plasma  density,  together  with  the  pressure  dependence  of  the  effect,  suggest  the 
role  of  self  phase  modulation  in  the  argon  plasma. 

Highly  focusable  femtosecond  pulses  from  an  axicon  amplifier  provide  a  powerful  new  tool 
in  ultrahigh  intensity  spectroscopy.  The  blue  shifts  observed  here  may  be  related  to  red  shifted 
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Fig.  3  a)  Blue  shifted  spectra  at  10  PW/cm2 
focal  intensity  for  5  pressures  of  neon, 
compared  to  original  pulse  spectrum, 
b)  Original  pulse  spectrum  (dotted  curve) 
and  blue  shifted  spectra  following 
transmission  through  plasmas  generated 
in  5  atm  neon  (solid  curve)  and  argon 
(dashed  curve).  Large  dots  are  a  theoretical 
fit  based  on  Drude  model  (see  Eq.  1  of  text) 


photoelectron  energies  observed  in  recent  above  threshold  ionization  (ATI)  experiments  [8], 
Dynamic  collisionless  absorption  in  plasmas,  important  when  electron  acceleration  in  strong  light 
fields  becomes  relativistic,  may  be  observable  with  such  pulses  [9].  Finally  this  source  should 
be  useful  in  generating  picosecond  soft  X-ray  pulses  at  noble  metal  surfaces  [10]. 
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Results  of  squeezed  states  observation  in  powerful  spectral  quasicontinuum 
emitted  by  superl uminescent  optical  parametric  oscillator  (0P0)  are 
presented.  We  show  that  squeezing  in  0P0  at  high-intensity  field  is  caused 
by  phase  conjugation. 

1.  An  alternative  system  capable  to  form  squeezed  states  at  high-intensity 
field  may  be  degenerate  GPO  / i —4/.  Squeezed  states  formation  in  degenerate 
0P0  radiation  at  high  gain  has  a  classical  analogy,  because  in  0P0  due  to 
phase  selectivity  only  one  quadrature  component  of  the  input  signal  is  highly 
amplified  / 5—6/.  Twin  wave  packets  may  be  formed  also  in  nondegenerate  0P0 

P ,  8/ . 


2.  The  physical  mechanism  of  squeezed  states  generation  in  0P0  at  high 
gain  is  a  phase  conjugation.  Conditions  of  phase  conjugated  waves  generation 
in  0P0  are  investigated  /9 /.  Under  such  conditions  the  complex  amplitudes 
A-j,  A2  of  waves  at  frequencies  u> i  and  uig  (ld]+  u)  o-  uji,  where  u  3-  Pump 
frequency)  at  high  amplification  are  in  relation  kyPP'faz! a  lA1f(t)>  where 
Ol«  0  2~  nonlinear  wave  interaction  coefficient  and  t  -  time.  Conjugation 
in  0P0  may  be  tested,  for  example,  by  investigation  of  sum  frequency  spectrum. 
The  conjugated  waves  generated  by  0P0  we  assume  as  noisy  pulses  of  correlation 
time  1 1^.  Let  us  define  correlation  function  B$  of  the  signal  at  sum  frequen¬ 
cy  (  oj  2=  U>  -j  +  u»  2)  '"ith  the  amplitude  As~A-]At  as  Bs(t,T,Tg)~  <  As(t) 

As(t+T+Tg)>,  where  Tg  -  time  delay  between  phase  conjugated  waves.  For  the 
spectral  intensity  at  sum  frequency  we  have 

Gs(ft,Tg)~exp(-^2-^fl)  +  2Kexp(-^5-^ii)  .  (1) 

x  k  4  x0  x  0  4 

Thus,  the  spectrum  is  defined  by  the  ratio  Tg/  1  Fig.  1  shows  the 
spectral  intensity  Gs(fJ  )  for  three  values  Tg/ 1  ^  at  i  ^  /  X  g  =  0.1.  When 
Tg  =  0(a)  a  narrow  peak  related  to  noisy  pulse  envelope  appears.  The  energy 
in  the  spectrum  is  equally  divided  between  the  peak  and  the  background. 

The  background  is  the  result  of  amplitude  fluctuations  of  the  noisy  pulse. 

At  Tg=i|Tb)  waves  are  partially  conjugated  and  the  peak  goes  down.  If 
Tg=2  X  k(c)  the  peak  in  spectrum  is  not  evident.  The  narrow  peak  shows  the 
presence  of  conjugated  fields  at  frequencies  cu -j  and  U)£  in  0P0  radiation 
(twin  fields).  For  the  first  time  the  narrow  peak  in  sum  frequency  spectrum 
was  observed  when  nondegenerate  a  — HIOo  0P0  experimentally  have  been  analysed 
[10].  J 

3.  In  degenerate  0P0  Ap=Aif  and  radiation  field  at  high  gain  may 

be  considered  as  a  superposition  of  phase  conjugated  waves  with  an  amplitude 
A 1 +A -j .  Sum  frequency  wave  amplitude  has  thus  the  form 

AI  ~  (A1  +  A*)2  =  A?  +  2A-| A*  +  A*2  .  (2) 
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If  the  signal  shows  fast  phase  modulation,  spectrum  G  (ft )  consists  also 
of  two  parts:  the  narrow  peak  caused  by  the  second  term  2A-|Aif  and  the  wide 
background  caused  by  the  first  and  the  third  terms  (A^  and  Ay^).  At  x  q» 

X  k  the  spectral  intensity  of  the  narrow  peak  is  higher  than  the  spectral 
intensity  of  the  wide  background.  Appearance  of  narrow  peak  in  second 
harmonic  spectrum  testifies  an  inequality  of  the  quadrature  components  in 
the  field  of  degenerate  0P0  radiation  and  the  squeezed  states  formation. 

On  the  other  hand,  it  means  'at  second  order  coherence  in  degenerate  0P0 
radiation  takes  place.  This  kind  of  peak  was  observed  in  111  and  in  radio¬ 
waves  region  in  /II/. 

4.  Recently  we  investigated  the  spectral  quasicontinuum  of  super  1 umines- 
cent  0P0.  The  two  CDA  crystals  (1=4  cm,  1-st  phase-matching  type)  in 
series  were  pumped  by  a  single  4-5  ps  pulse  of  a  frequecy  doubled  phosphate 
glass  laser.  A  90°  phase  matching  angle  allows  us  to  obtain  a  large  spectral 
bandwidth  of  0P0  radiation.  At  degeneracy  it  exceeds  1000  cm-1,  which 
corresponds  to  a  correlation  time  of  about  15  fs.  The  second  harmonic  was 
generated  in  KDP  crystal  (1=2  mm).  The  feature  of  the  second  harmonic 
spectrum  (Fig.  2)  is  the  narrow  peak  (a),  as  already  mentioned  above.  It 
confirms  that  0P0  generates  phase  conjugated  waves  and  one  of  the  quadra¬ 
ture  components  is  suppressed.  We  are  led  to  consider  this  fact  as  a  mani¬ 
festation  of  squeezed  states  in  parametric  quasicontinuum.  Poor  contrast 

of  peak  and  background  shows  rather  low  conjugation  quality  in  quasicontinuum. 
Because  of  the  fact  that  the  correlation  time  of  chaotic  (noisy)  phase  modu¬ 
lation  is  very  short,  a  glass  plate  of  4  cm  thickness  in  front  of  KDP  crystal 
leads  to  the  peak  broadening  of  about  10  times  (b).  Two  times  thicker  glass 
plate  leads  to  the  peak  disappearance  (c). 

5.  The  squeezed  states  of  0P0  radiation  considered  above  are  caused  by 
time-domain  phase  conjugation.  On  the  other  hand  due  to  phase  conjugation 
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in  space  domain  (wave  front  reversal)  squeezing  of  spatial  quadrature  com¬ 
ponents  is  possible.  By  nonlinear  mixing  of  0P0  waves,  radiation  at  sum 
frequency  with  narrow  spatial  spectrum  (highly  directed  beam)  is  observed 
/ 13/. 
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The  development  of  an  "ultrafast  optical  synthesizer"  which  makes  it  pos¬ 
sible  to  form  arbitrarily  shaped  optical  pulses  or  optical  signals  as  well 
as  transform-limited  pulses  in  the  picosecond  to  femtosecond  range  will  ex¬ 
tend  the  application  area  of  optical  electronics. 

The  typical  method  of  synthesizing  ultrafast  optical  signals  is  to 
produce  widely  spread  optical  frequency  components  and  to  control  their 
amplitudes  and  phases  as  desired.  In  this  point  of  view,  first  a  method 
using  an  electrooptic  deflector  which  produces  frequency  components  dis¬ 
tributing  spatially  according  to  their  frequencies  was  used  for  synthesizing 
in  the  sevei al-len  picosecond  range  L 1 J .  In  a  similar  way,  frequency  masking 
within  a  grating  pair  compressor  was  used  for  pulse  shaping  in  the  pico¬ 
second  to  femtosecond  range  [2].  These  methods  are  not  convenient  for  prac¬ 
tical  applications  because  of  the  difficulty  in  controlling  precisely  the 
frequency  components  and  the  large  size  of  the  system. 

Here  we  propose  various  kinds  of  new  optical  synthesizers  which  have  the 
possibility  of  generating  arbitrarily  shaped  signals  in  the  picosecond  or 
possibly  femtosecond  range.  These  seem  to  be  more  convenient  for  practical 
use  [3]. 

1.  Basic  consideration 

Figure  1  shows  the  basic  steps  of  the  proposed  synthesizing  process.  The 
first  step  is  to  provide  frequency  components  distributed  in  a  wide  range. 

The  second  is  to  separate  (demultiplex)  each  frequency  component.  The  third 
is  to  control  the  amplitude  and  phase/group  delay  of  each  frequency  com¬ 
ponent.  The  final  step  is  to  compose  (multiplex)  the  frequency  components 
and  to  form  desired  pulse  shape.  A  grating,  a  Fabry-Perot  filter,  or  a 
Michelson  interferometer  is  employed  as  a  demultiplexer  and  a  multiplexer. 

If  the  power  efficiency  is  out  of  consideration,  a  beam-splitter  array  or  a 
single  slit  may  be  used  as  the  latter. 

Realistic  examples  for  the  practical  construction  of  the  synthesizer  are 

2  3  4 

1  :  sideband  generation 
(modulation ) 

2  :  separation  of  sidebands 
(demultiplexing ) 

3  :  control  of  phase  and 
amplitude  of  frequency 
components 

4  :  composing  (multiplexing) 
F ig. 1  Basic  procedures  of  the  proposed  high-speed  optical  synthesizer. 

Springer  Series  in  Chemical  Physics,  Vol.48:  Ultrafast  Phenomena  VI  135 

Editors:  T.  Yajima  •  K.  Yoshihara  •  C.B.  Harris  •  S.  Shionoya 
(c)  Springer- Verlag  Berlin  Heidelberg  1988 


shown  in  Fig. 2.  These  systems  are  essentially  equivalent  to  the  synthesizer 
using  the  electrooptic  deflector  [1]  and  analogous  to  a  phased  array  antenna 
or  a  frequency-domain  multiplexer  in  the  optical  communication  system.  In 
Fig. 2(C).  a  frequency-  and  phase-locked  laser  array  is  used.  In  this  case 
the  phase  coherent  frequency  offset  locking  is  made,  i.  e.  element  lasers 
are  placed  with  the  same  distance  and  with  the  constant  frequency  intervals. 

For  the  case  of  the  periodic  input  with  discrete  line  spectra,  every 
frequency  component  can  be  separated  spatially  without  any  overlap  and  its 
amplitude  and  phase  can  be  controlled  individually  by  a  spatial  filter,  or  a 
modulator  array  (  c.f.  for  single  shot  pulse  input  with  continuous  frequency 
spectra,  neighboring  frequency  components  overlap  each  other  because  of  the 
finite  frequency  or  spatial  resolution  of  the  system  and  individual  control 
of  the  frequency  components  is  impossible).  Then  the  synthesized  output  is 
obtained  after  multiplexing.  We  can  compose/synthesize  arbitrary  shape  by 
phase  control  only  within  2n  (corresponds  to  one  wavelength)  without  control 
of  group  delay  of  the  frequency  components.  The  shortest  pulsewidth  or  the 
shortest  temporal  structure  of  the  synthesized  output  is  limited  by  the 
width  of  frequency-component  spread. 

The  electrooptic  method  (A)  has  an  advantage  in  controllability.  The 
method  (B)  using  self-phase  modulation  caused  by  in^ut  with  two  frequency 
components  can  provide  very  high  repetition  rate  as  THz  and  ultrashort  pul¬ 
sewidth  as  a  few  fs.  This  method  can  apply  not  only  to  zero  dispersion 
region  but  also  to  normal  or  anomalous  dispersion  region  [4]  of  the  optical 
fiber.  Soliton  (or  dark  sol i ton)-l i ke  signals  produce  the  wide  sidebands 
with  their  propagation.  The  method  (C)  provides  a  portable  synthesizer  with 
an  LD  array,  and  may  be  useful  for  practical  applications  in  the  future. 

2.  Results  of  preliminary  experiment  and  other  discussions. 

We  have  done  preliminary  pulse  synthesis  experiments  using  method  (A).  We 
used  an  Ar  laser  as  a  light  source.  Optical  sidebands  were  produced  by  a 
9.35GHz  LiTaOj  phase  modulator  f 5 ] .  Fig. 3  shows  spatially  separated  FM 
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sidebands  after  demultiplexing  by  a  grating.  It  is  seen  from  the  figure  that 
the  spatial  separation  between  adjacent  sidebands  was  llOum  and  every 
frequency  component  is  clearly  separated  without  any  overlap  (the  frequency 
intervals  are  9.35GHz).  Fig. 4  shows  the  examples  of  the  streak  traces  of 
synthesized  signals  obtained  (a)  by  eliminating  central  five  sidebands  and 
(b)  by  giving  parabolic  phase  shift  to  every  sideband.  Both  results  agree 
well  with  theoretical  ones.  Fig. 5  shows  the  examples  of  calculated  binary 
signals  formed  by  controlling  the  sidebands  using  a  15  segment  modulator  ar¬ 
ray.  These  word  patterns  are  very  clear  and  arbitrarily  changeable.  Applying 
the  640GHz  (FWHM)  FM  sideband  recently  reported  [5]  to  this  method,  gener¬ 
ation  of  32b i t  words  with  350Gbit/s  rate  will  be  possible. 

We  also  tried  an  experiment  of  simple  synthesis  by  substituting  a  Fabry- 
Perot  frequency  filter  for  the  last  three  steps  in  Fig.l.  As  a  result,  we 
succeeded  in  generating  a  pulse  train  with  9-112  gigapulse  per  second 
[6],  We  are  also  studying  the  method  (B)  and  (C). 


(a) 


v+  tr* 

(a)  NO  FILTER 

1 1 1 1 1 _  A  A 

(b)  10000000 

'  AAAAAA, 

(c)  10110010 

Fig. 4  Streak  traces  of  synthesized 
output. 

Obtained  (a)  by  eliminating  central 
5  sidebands  and  (b)  by  putting 
parabolic  phase  shift. 


FREQ.  SPECTRA 


TEMPORAL  SHAPES 


Fig. 5  Typical  examples  of 
synthesizing  word  pattern 
(calculation). 
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1.  Introduction 

The  capability  to  artificially  tailor  the  phase  and  amplitude  modulation  of  a  laser  pulse  has 
proven  to  be  valuable  in  many  experiments.  Precise  control  over  the  radiation  field  improves 
frequency  selectivity  in  molecular  spectroscopy  and  can  compensate  for  such  experimental 
complications  as  optical  density  effects  or  inhomogeneities[l].  Theoretical  work  has  shown 
that  phase  and  amplitude  control  can  enhance  pumping  of  multiphoton  and  overtone  transitions 
or  improve  localized  excitation[2].  In  addition,  pulse  shaping  is  an  important  aspect  in  a 
variety  of  nonlinear  experiments,  for  example  in  optical  soliton  generation[3,4].  At  the  last 
u'Uufusi  confcrcr.ce,  we  reported  two  developments  in  coherent  laser  spectroscopy:  synthesis 
of  arbitrarily  shaped  laser  pulses  with  =  1  OOps  temporal  resolution  using  an  integrated 
electrooptic  device  and  generation  of  phase  coherent  optical  pulse  sequences  with  accurate 
interpulse  phase  control[5].  With  continued  improvements  in  both  the  electrooptic  modulator 
and  high  speed  programmable  GaAs  drive  circuitry,  we  have  extended  the  resolution  to  <15ps 
on  pulses  of  100-600ps  duration  and  demonstrated  amplification  to  10-20kW  peak  powers 
using  a  copper  vapor  laser/dye  amp!ifier[6].  In  addition  to  direct  generation  methods,  the 
integrated  electrooptic  device  can  function  as  a  time  domain  filter  and  can  be  incorporated  into 
a  fiber  grating  pulse  compressor[7].  With  this  technique,  we  have  demonstrated  pulse 
synthesis  with  approximately  90fs  resolution  on  pulses  of  0.5-1.5ps  in  duration.  More 
complex  experimental  schemes  have  also  been  demonstrated  for  synthesizing  phase  and 
amplitude  modulated  optical  pulses  with  <10ps  resoIution[3J.  We  present  here  new 
developments  in  our  pulse  shaping  system,  the  capability  to  generate  higher  peak  powers 
(*=5-10MW)  and  to  actively  compensate  for  pulse  distortion  in  a  pulsed  dye  amplifier.  To 
achieve  this,  we  have  incorporated  a  chirped  pulse  amplifier  (CPA)  into  our  experimental 
set-up  providing  amplification  of  =103-104[8J.  This  technique  allows  for  the  shaped  pulse  to 
be  amplified  at  lower  peak  powers  and  reduces  pulse  distortion  in  the  amplifier.  Residual 
artifacts  can  be  compensated  for  by  adjusting  the  temporal  modulation  on  the  chirped  pulse 
before  amplification  using  our  EO-modulator  apparatus. 

2.  Experimental  Methods  and  Results 

Synthesis  of  subpicosecond  optical  pulses  is  accomplished  by  integrating  a  high  speed  voltage 
programmable  EO-intensity  modulator  into  a  fiber-grating  pulse  compressor.  The  integrated 
EO-modulator  functions  as  a  time  domain  filter,  so  that  a  given  pulse  may  be  discretely 
modulated  to  replicate  an  arbitrary  temporal  envelope  within  =I5ps  resolution.  To  determine 
the  correct  input  pulse  shape  (E(t'))  to  the  grating  compressor  necessary  to  produce  a  desired 
target  pulse  shape  { E(t) } ,  we  calculate  a  transfer  function  G(co)  which  describes  the  gaussian 
beam  diffraction  and  quadradic  dispersion  of  the  grating  pair  in  a  precise  geometry[9]. 
Application  of  the  numerical  transfer  function  to  the  target  shape,  followed  by  Fourier 
transformation  to  the  time  domain,  provides  the  discrete  modulation  waveform  programmed 
into  the  drive  circuitry  for  the  EO  intensity  modulator. 


Springer  Series  in  Chemical  Physics,  Vol.48:  Ultrafast  Phenomena  VI 
Editors:  T.  Yajima*  K.  Yoshihara  •  C.B.  Harris  *S.  Shionoya 
(c)  Springer- Verlag  Berlin  Heidelberg  1988 


139 


The  electrooptic  time  domain  filter  consists  of  an  EO-waveguide  intensity  modulator 
integrated  with  a  high  speed  GaAs  waveform  gcnerator[6,7].  The  -3dB  and  -6dB  electrical 
bandwidths  of  modulator  were  found  to  be  14GHz  and  19GHz  respectively,  with  an  overall 
impedance  of  39.5Q  and  a  transmission  loss  of  - 1 .5dB/cm.  The  GaAs  FET  drive  circuit  has 
an  effective  bandwidth  of  15.5GHz  providing  =15ps  risetime  and  33ps  FWHM  resolution[6]. 
Data  generated  from  the  pulse  autocorrelation  and  spectral  bandwidth  are  compiled,  then  a 
least  squares  fit  of  the  crosscorrelation  data  with  the  target  pulse  is  computed  allowing  any 
adjustments  to  be  programmed  into  the  GaAs  drive  circuitry.  The  compressed  pulse  can  be 
optimized  by  direct  voltage  programming  of  the  GaAs  drive  circuit. 

Figure  1  illustrates  a  synchronously  pumped,  cavity  dumped,  dye  laser  operating  at 
A.-0.65|im  producing  pulses  of  5.4ps.  The  cavity  dumper  is  externally  synchronized  to 
operate  at  4kHz,  providing  3-4kW  of  peak  power  in  the  pulse  train.  A  silica  fiber  with  a 
dispersion  figure  of  0.107  trr’ps2  and  a  normalized  pulse  amplitude  are  used  to  calculate  an 
optimum  fiber  length  and  an  overall  compression  factor  of  10-20  for  our  pulse  synthesis. 
Individual  pulses  emerging  from  the  fiber  are  temporally  broadened  to  110-  120ps  while  the 
spectral  bandwidth  is  increased  to  25-30cm'l.  The  pulse  train  is  attenuated  to  <100jiW  before 
coupling  into  the  EO-modulator.  The  chirped  pulses  are  temporally  restructured  by  applying  a 
modulation  dictated  by  the  desired  pulse  shape  and  the  grating  transfer  function.  The  reshaped 
chirped  pulses  coupled  out  of  the  modulator  (<10nJ  per  pulse)  are  amplified  using  a  two- 
stage,  multiple  pass,  copper  vapor  laser  (CVL)/dye  amplifier.  The  output  of  a  40W  CVL  is 
spatially  filtered,  collimated,  then  used  to  pump  two  stages  of  the  amplifier.  In  each  amplifier 
stage,  the  chirped  pulse  traverses  the  gain  medium  about  4-8  times,  yielding  an  end  stage 
pulse  energy  of  5-6pJ  with  no  significant  pulse  broadening.  Compression  is  achieved  in  a 
double-pass  grating  compressor  with  16001/mm  holographic  gratings,  the  energy  yield  in  the 
target  pulses  is  typically  3-4jjJ  at  4kHz  repetition  rate.  The  high  peak  power  (5-7MW)  in  the 
output  pulses  can  produce  a  large  fractional  population  inversion  or  induce  nonlinear  excitation 
in  a  variety  of  spectroscopic  applications[10]. 


An  important  advantage  to  the  CPA  scheme  is  that  the  target  pulse  resolution  can  be 
increased  by  further  stretching  the  temporal  width  of  the  chirped  pulse.  For  example,  if  the 
chirped  pulse  coupled  into  the  EO-modulator  is  lengthened  to  =600ps  the  corresponding 
resolution  in  the  target  pulse  is  increased  to  roughly  40fs.  An  alternative  approach  would  be  to 
replace  the  picosecond  pulse  and  fiber  in  figure  1  with  a  colliding  pulse  modelocked  (CPM) 
laser  (rp  <100fs)  and  an  antiparallel  grating  pair  configured  to  produce  positive  group  velocity 
dispersion.  The  stretched  pulse  can  be  restructured,  amplified,  then  recompressed  to  generate 
an  arbitrarily  shaped  pulse.  A  1000:1  expansion  followed  by  amplification  and  subsequent 
recompression  has  been  demonstrated  with  pulses  <100fs[ll]. 


Dye  Laser  Pulse 
k=0.65pm,  x=5.4ps 


Computer  Controlled 
GaAs  Waveform 
Synthesizer 


Optical 
Fiber 

Fig.  1  Chirped  pulses  emerging 
from  the  fiber  are  restructured 
with  an  integrated  EO-intcnsiiy 
modulator.  Amplification  (CPA) 
followed  by  compression  yields 
peak  powers  of  5-7MW.  The 
temporal  resolution  of  target 
pulses  is  90-1  OOfs. 


EO-Intcnsily 

modulator 


Multipass  Dye 
Amplifier 
CVL40W 


M . 

tgt  16001/mm 
^Grating 


Tcmpoially 
Restructured 
Chirped  Pulse 


103- 10  4 


Amplification 

\  Crosscorrclator 


Mirror 


High  Power 
Shaped  Output 
Pulses.  Tr  =  90fs 
Pw=5-7MW 


140 


f 


'c 

a 

JS 

L. 

CO 

Oi 

T3 

3 

a 

g 

< 

a» 

«/> 

3 

a. 


-1.0  -0.8  -0.6  -0.4  -0.2  0  +0.2  +0.4  +0.6  +0.8  +1.0 

Delay  Time  (pscc) 

Fig.  2  Crosscorrelation  traces  of  two  optical  square  pulses  of  approximately  700fs(a)  and 
I.3ps(b)  duration,  both  of  the  pulses  have  comparable  risetimes  of  *90fs.  The  data  have  been 
deconvolved  of  the  180fs  seel?  reference  pulse  artifact. 
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Figure  2  illustrates  two  rectangular  optical  pulses  synthesized  with  our  experimental  set-up, 
the  temporal  resolution  is  90-100fs  on  pulses  of  0.5-1.5ps  ir  length.  We  have  used  variable 
length  rectangular  laser  pulses  to  probe  carrier  relaxation  in  GaAs  photoconductive  switches. 
The  rectangular  pulses  preserve  risetime  resolution  needed  to  make  accurate  electrical 
measurements,  but  allow  the  electron-hole  plasma  to  achieve  a  steady  state  in  the  lattice. 
Optical  square  pulses  can  also  be  useful  in  experimental  measurements  of  nonlinear  and 
dielectric  responses  in  materials. 
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1.  Introduction 

Assumption-free  pulse  reconstruction  including  chirp  from  SHG  signals  is  necessary  for 
detailed  light  pulse  characterization.  The  methods  previously  reported  are  limited  to 
specific  application  areas:  the  heterodyne  method  [1]  requires  much  shorter  sampling 
pulses,  while  the  femto-nitpicker  [2]  serves  only  in  the  femtosecond  domain  where  pulse 
can  be  greatly  broadened  by  a  glass  of  reasonable  size.  In  this  paper,  a  new  measuring 
method  is  proposed  and  an  experimental  demonstration  reported. 

2.  Conditions  for  Pulse  Reconstruction  and  a  Practical  Algorithm 

The  light  spectrum  (or  its  Fourier-transformed  equivalent  G 2:  interferogram),  SH  light 
spectrum  (or  Fj:  SH  interferogram),  and  intensity  autocorrelation,  G 2,  are  sufficient 
data  for  assumption-free  reconstruction  of  time-limited  (i.e.  non-zero  only  in  a  finite 
time  domain)  pulse,  with  time  inversion  the  only  remaining  ambiguity.  This  propo¬ 
sition  is  proved  by  showing  that  the  Taylor  coefficients  of  the  pulse  electric  field  at 
each  domain  edge  are  successively  determined  from  the  Taylor  coefficients  of  the  given 
data. 

We  present  a  practical  iterative  algorithm  for  the  pulse  reconstruction,  as  shown 
in  Fig.  1.  The  algorithm  retrieves  the  phase  of  the  Fourier  amplitude  E  using  the 
fundamental  Fourier  modulus  |  E  |,  SH  Fourier  modulus  |  u  |  and  |  /  |  (obtained 
from  |  /  |2=  J-[G2\).  Fig.  2  shows  one  of  the  simulation  results  of  the  algorithm. 
For  an  assumed  pulse  intensity  and  phase  (solid  line),  the  above  three  Fourier  moduli 
are  calculated  and  input  to  the  iteration  loop.  The  reconstructed  pulse  intensity  and 
phase  (shown  by  dots)  excellently  coincide  with  the  original,  which  shows  that  the 
algorithm  really  reconstructs  the  rather  complicated  pulseform. 


Fig.l  Iteration  scheme  (FT:  Fourier- 
transfoim,  IFT:  inverse  FT).  In  Fourier 
space,  the  modulus  of  the  trial  func¬ 
tion  is  replaced  by  given  data  while  its 
phase  is  retained.  The  difference  be¬ 
tween  the  trial  function  modulus  and 
the  given  one  is  used  to  judge  conver¬ 
gence. 
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Fig. 2  Iterative  algorithm  test  result. 
Asymmetric  pulseform  with  side-lobe 
and  the  phase  shift  due  to  fast  SPM 
are  assumed.  The  reconstructed  pulse 
(dots)  coincides  with  the  original  (solid 
line). 


3.  Experimental  Results 

The  measurement  setup  is  shown  in  Fig.  3.  G\  and  the  fringe  resolved  SHG  correlation 
(FRSHG)  are  simultaneously  measured  using  a  Michelson  interferometer.  The  trigger 
generator  senses  the  path  difference  by  observing  a  He-Ne  laser  interference  signal, 
and  generates  a  trigger  signal  every  time  the  path  difference  changes  by  Xhi-nJI. 

|  E  \  is  obtained  from  G\  by  a  Fourier  transform,  while  |  I  \  and  |  u  |  are  derived 
from  FRSHG.  Such  a  SH  spectrum  |  u  |2  measurement  through  FRSHG  signal  is 
superior  to  measurements  with  a  high  resolution  spectrometer,  especially  for  the  very- 
weak  SH  light  generated  by  LD  pulses.  The  iteration  is  then  executed  by  computer. 
We  call  this  procedure  IRIS  (Iterative  pulseform  Reconstruction  from  Interferometric 
Signals). 

To  demonstrate  the  method,  pulses  generated  by  a  gain-switched  1.3  ftn t  DF8LD 
were  measured.  Measured  correlations  (Fig.  4a)  and  the  reconstructed  pulse  (Fig.  4b) 
are  shown  for  the  case  of  applying  a  i.25GHz  sinusoidal  rf  current  of  1.6  hh  amplitude 
without  dc  bias.  A  nearly  linear  chirp  is  clearly  observed  In  Fig  4b,  the  time  direction 


PULSE  IN 


Fig. 3  Pulse  measurement  appara 
tus  (BS:  beam  splitter,  PBS:  polar¬ 
ization  beam  splitter,  PM.  photomul¬ 
tiplier,  PD:  photodiode,  W  M  :  wave- 
memory).  A  photon  counter  is  in¬ 
stalled  to  detect  the  weak  SH  light  in 
the  case  of  the  LD  pulse. 
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is  chosen  so  that  the  chirp  becomes  negative,  considering  the  chirp  direction  due  to 
fast  carrier  density  change.  For  the  first  time,  LD  chirp  is  measured  in  detail. 

Recently,  LD  pulse  compression  by  an  optical  fiber  [3]  was  reported,  where  the 
negative  chirp  was  compensated  by  the  positive  fiber  dispersion.  Precise  measured 
chirp  information  is  useful  to  optimize  the  dispersive  media  parameters  on  compres¬ 
sion. 


-100  -50  0  50  100 

TIME  DELAY  ps 

Fig. 4  An  example  of  gain-switched 

DFBLD  measurement  results. 

(a)  Measured  interferometric  signal 
traces  each  consisting  of  256k  points 
with  1.0554fs  delay  time  interval;  up¬ 
per  trace:  FRSHG,  lower  trace:  inter- 
ferogram . 


(b)  Pulseform  reconstructed  from 
the  above  interferometric  signals. 


Fig. 5  An  example  of  subpicosecond 
dye  laser  pulse  measurements.  Pulses 
were  generated  by  a  passively  mode- 
locked  dye  laser. 
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IRIS  also  performs  successfully  with  subpicosecond  aye  laser  pulses.  A  recon¬ 
structed  mode-locked  dye  laser  pulse  is  shown  in  Fig.  5.  To  suit  the  visible  light, 
interferometric  signals  are  measured  with  A//e_we/8  path  difference  pitch  enough  to 
satisfy  the  sampling  theorem.  In  conclusion,  this  method  is  highly  practical  and  can 
be  used  many  areas  of  application. 
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Single  shot  autocorrelation  methods  [1,2, 3, 4, 5]  yield,  so  far, 
no  useful  information  about  the  phase  structure  of  the  pulses. 
We  present  here,  for  the  first  time,  a  phase  sensitive  single 
shot  technique  suitable  to  study  picosecond  and  femtosecond 
pulses . 

The  pulse  to  be  analyzed  is  horizontally  expanded  by  a 
cylindrical  telescope  before  it  enters  the  modified  Michelson 
interferometer  (Fig.  1).  A  tilt  of  the  pulse  fronts  in  the 
horizontal  plane  is  introduced  by  two  prisms  located  in  front 
of  the  two  interferometer  mirrors  [6].  The  beams  coming  from 
the  interferometer  are  set  slightly  non-parallel  with  an  angle 
of  only  a  few  milliradians .  They  are  focussed  onto  the  second 
harmonic  crystal  by  a  cylindrical  lens.  Its  focal  plane  is 
imaged  onto  the  input  plane  of  the  detector  where  the 
horizontal  intensity  distribution  of  the  second  harmonic  (SH) 
is  detected  by  an  image  intensifier  coupled  to  an  optical 
multichannel  analyzer. 


& 


M, 


Fig.  1 
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The  distribution  of  SH  as  a  function  of  the  horizontal 
spatial  coordinate  constitutes  a  special  kind  of  phase 
sensitive  autocorrelation  function  (PSA).  Its  envelope  is 
defined  by  the  pulse  duration  and  the  tilt  of  the  pulse 
fronts;  the  period  of  the  modulation  depends  on  the  small 
angle  between  the  two  interferometer  arms,  and  the  modulation 
depth  on  the  phase  structure  of  the  pulse.  The  key  point  of 
the  method  presented  is  that  both  the  delay  axis  and  the 
fringe  period  may  be  arbitrarily  chosen  and  can,  thus,  be 
matched  to  the  spatial  resolution  of  the  detector. 

Assuming  a  Gaussian  pulse  shape  and  type  I  phase  matching 
and  allowing  for  linear  chirp  the  expected  signals  have  been 
modelled,  and  the  time  integrated  SH  intensity  in  the  focal 
plane  of  the  cylindrical  lens  has  been  calculated  numerically. 

Figures  2a  and  b  each  show  an  experimentally  obtained 
single  shot  PSA  (solid  line)  together  with  the  result  of  the 
numerical  integration  of  (1)  (dashed  line).  The  experimental 
trace  of  Fig.  2a  corresponds  to  a  3.5  ps  long  pulse  which  is 
fully  coherent.  In  contrast,  fitting  the  experimental  curve  of 
Fig.  2b  one  has  to  assume  chirp.  The  best  agreement  (dashed 
line  on  Fig.  2b)  was  achieved  by  a  pulse  duration  of  3 . 5  ps 
and  a  three  times  2n  phase  shift  during  the  pulse  duration. 
The  sign  of  the  chirp  cannot  be  determined  from  the  PSA.  As 
Fig.  2  shows,  the  method  presented  here  is  well  suited  to  trace 
the  chirp  in  single  shots.  Testing  the  ultimate  limit  of  the 
temporal  resolution  was  not  yet  possible  (the  shortest 
measured  pulse  duration  was  250  fs)  but  we  estimated  it  to  be 
50  fs.  This  limit  is  caused  by  the  group  velocity  dispersion 
in  the  delay  prisms.  By  replacing  the  prisms  with  gratings 
for  pulse  front  tilt,  further  improvement  of  the  temporal 
resolution  may  be  possible. 
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Amplitude  and  phase  distortions  induced  by  optical  non¬ 
linearity  are  undetectable  by  the  usual  means  of  picosecond 
and  subpicosecond  analysis  (streak  camera,  second  harmonic 
generation...).  Recently  Rothenberg  and  Grischkowsky  [1] 
introduced  a  method  to  measure  the  phase  variation  of  pico¬ 
second  pulses  that  were  chirped  by  self-phase  modulation  in 
a  single  mode  fiber.  Another  possible  way  is  based  on  a  less 
recent  method  of  spectral  interferometry  also  known  as  "tem¬ 
poral  holography"  [2],  Until  now  this  measurement  technique 
has  only  been  applied  to  the  measurement  of  impulse  response 
and  transfer  function  of  optical  linear  filters.  We  present 
here  the  complete  determination  of  phase  modulation  induced 
by  nonlinear  effects  in  a  single  mode  fiber  on  a  picosecond 
pulse  using  this  method  (3J. 

A  pulse  is  sent  into  a  Mach-Zehnder  interferometer.  One 
arm  is  free  space  and  serves  for  the  production  of  a  refe¬ 
rence  wave.  The  optical  system  under  test  is  placed  in  the 
other  arm.  After  recombination  the  two  beams  are  injected 
into  a  spectroscope.  As  the  phase  shift  introduced  by  the 
optical  system  varies  with  the  frequency,  the  recorded 
spectra  is  modulated  by  fringes.  If  there  is  only  a  diffe¬ 
rence  At  in  the  delay  introduced  by  each  arm  (i.e.  a  diffe¬ 
rent  slope  for  the  spectral  phases  At  =  d<t>/dio)  ,  one  observes 
a  periodic  fringe  pattern  with  a  period  Au  =  1/At.  If  there 
is  also  a  difference  in  group  time  dispersion  (i.e.  a  curva¬ 
ture  of  the  spectral  phase  distributions  dt/dco  =  d2  4>/dco2  )  , 
the  fringe  spacing  will  varv  linearly  from  one  edge  of  the 
spectrum  to  the  other. 

We  have  demonstrated  this  technique  by  recording  the 
self-phase  modulation  of  a  800  fs  pulse  after  passage 
through  a  single  mode  optical  fiber.  When  a  short  and  inten¬ 
se  pulse  is  sent  into  an  optical  fiber  it  experiences  a  tem¬ 
poral  phase  shift  that  depends  on  the  instantaneous  intensi¬ 
ty  9 ( t )  =  2Un  I ( t )  z/A,  where  n  is  the  nonlinear  index  of 
the  fiber,  z  its  length  and  A  the  pulse  wavelength.  This  re¬ 
sults  in  a  broadening  of  the  pulse  spectrum.  In  order  to  en¬ 
sure  that  the  pulse  exiting  the  fiber  has  a  spectral  width 
smaller  than  that  of  the  reference  pulse,  we  have  added  at 
the  entrance  of  the  interferometer  test-arm  a  filtering  sta- 
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ge  that  transforms  the  input  pulse  into  a  longer  transform- 
limited  pulse,  with  a  corresponding  narrower  spectrum.  This 
lengthened  pulse  is  then  sent  into  the  fiber  and  propagates 
in  a  self-phase  modulation  regime  leading  to  a  broadening  of 
its  spectrum. 

The  complete  set-up  is  illustrated  in  Figure  1.  The 
source  employed  is  a  CPM  dye  laser  whose  emission  at  615  nm 
is  amplified  by  passage  through  a  fcur-stage  dye  amplifier 
giving  near-transform-limited  60  femtosecond  pulses  in  the 
GW  range  at  a  10  Hz  repetition  rate.  The  laser  beam  is  sepa¬ 
rated  into  two  parts  by  the  beam  splitter  1,  at  the  input  of 
the  interferometer.  The  reference  arm  is  free  space  and  its 
length,  about  18  m,  is  adjusted  by  the  displacement  of  a 
cub«  corner.  In  the  test  arm,  the  input  pulse  is  first 
lengthened  to  about  800  fs  by  the  prism  dispersive  line  and 
then  sent  into  a  single  mode  optical  fiber  in  which  is  suf¬ 
fers  the  combined  effects  of  self-phase  modulation  and  nor¬ 
mal  group  velocity  dispersion.  The  fiber  length  is  5.75  m 
and  its  measured  chromatic  dispersion  is  440  ps/km. nm  at  600 
nm.  The  fiber  output  is  recombined  with  the  reference  pulse 
through  the  beam  splitter  2  and  sent  into  a  grating  spectro¬ 
graph.  The  width  and  the  exact  shape  of  the  detected  spectra 
depend  on  the  optical  power  coupled  in  the  fiber  and  fluc¬ 
tuate  from  shot  to  shot.  In  order  to  obtain  reliable  re¬ 
sults,  all  measurements  are  done  on  single  shot  recordings. 
A  typical  spectrum  is  shown  in  Figure  2  together  with  the 
reference  spectrum.  The  mean  fringe  spacing  can  be  adjusted 
by  slightly  changing  the  reference  arm  length.  Starting  from 
these  recordings,  we  deduce  the  value  of  the  spectral  phase 
of  the  pulse,  after  its  nonlinear  propagation  across  the 
fiber,  for  a  discrete  set  of  wavelengths  (see  Figure  3).  The 
linear  part  (which  has  no  meaning  since  it  only  depends  on 
the  temporal  delay  between  the  two  pulses)  has  been  subtrac¬ 
ted.  These  experimental  points  fit  well  a  parabolic  varia- 
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PHASE  SHIFT 


Fig.  2  :  Experimental  modu¬ 
lated  spectrum. 


wavelength 

Fig.  3  :  Relative  phase  of  the  chirped  pulse. 


tion,  also  shown  in  Figure  3  (solid  line),  indicating  the 
presence  of  a  nearly  linear  frequency  modulation  onthe  test 
pulse,  in  agreement  with  theoretical  predictions  of  the  non¬ 
linear  Schrodinger  equation. 

In  conclusion,  we  have  proposed  a  powerful  new  tool  for 
the  coherent  analysis  of  distortions  introduced  by  optical 
nonlinearities  on  short  pulses  (in  the  subpicosecond  range)  . 
The  technique  described  is  the  first  to  our  knowledge  that 
is  able  to  analyse  a  single  event.  This  is  an  important 
point  since  the  reproduct ibil i ty  of  femtosecond  pulses  ob¬ 
tained  by  pulse  compression  and/or  amplified  in  dye  ampli¬ 
fiers  is  usually  not  good .  The  only  competing  method  in  this 
field  is  restricted  to  phase-shifts  larger  than  2it  and  needs 
repetitive  events  to  achieve  a  measurement  [1).  Nevertheless 
we  have  to  note  that  the  interferometric  technique  presented 
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here  needs  near-transform-limited  reference  pulses  or  at 
least  pulses  whose  phase  distortions  are  much  smaller  than 
the  phase  modulation  of  the  pulse  under  test.  This  research 
has  received  the  financial  support  of  the  European  Community 
under  grant  ST2J00009  2F,  and  of  the  DRET  (division 

optique) . 
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1. _ Introduction 


Phase  characteristics  of  optical  light  pulses,  so-called  chirp,  play  an 
essential  role  in  femtosecond  light  pulses.  One  of  the  vexing  things  is 
that  we  can  not  determine  the  pulse  intensity  shape  I(t)  and  the  phase 
shift  <)>(t)  independently. 

Recently,  a  new  method  has  been  developed  to  measure  ultrashort  light 
pulses  [1].  We,  also,  have  developed  a  similar  but  different  evaluation 
method  for  the  chirp.  In  this  paper,  we  present  our  evaluation  method. 

2.  Method  of  evaluation  of  ultrashort  light  pulses 

The  optical  electric  field  E(t)  of  the  steady  state  is  given  by  E(t)= 
/I(t)exp[i<J>(t)-i(jgt],  where  uig  is  the  central  frequency  of  the  electric 
field.  When  the  phase  characteristics  are  determined  by  self-phase 
modulation  (SPM),  coming  from  the  optical  Kerr  effect  and/or  saturable  loss 
effect  of  the  absorber,  <t>( t )  is  described  as  follows: 

4>(t)  =  P  j!a,e*p[(t,-t)/TrM(t,)*exp[(J(t')-J(t))/S]dt'  ,  (1) 

p  = -^(n2/Tp-  ng/sj  ,  J(t)  =  j^Kt'Jdt'  ,  (2) 

where  ng  and  n?  are  linear  and  nonlinear  refractive  indexes  of  the 
absorber,  ty  tne  recovery  time  of  the  optical  Kerr  effect,  S  the  saturation 
fluence  and  L  the  effective  length  of  the  absorber.  In  eq.(1),  for  p>0, 
the  optical  Kerr  effect  is  predominant  [2],  and  for  p<0,  the  saturable  loss 
effect  is  predominant  [3]. 

Figure  1  shows  an  iterative  algorithm  to  reconstruct  I(t)  and  <t>( t)  from 
the  experimental  data  of  spectrum  I(w)  and  second-harmonic  (SH)  auto¬ 
correlation  G,(t).  The  algorithm  can  determine  the  phase  ^(uj)  and  the 
phase  The  phase  vi>(w)  corresponds  to  the  Fourier  amplitude  V(w) 


Fig.  1  Flow  chart  of  the  calculation.  To  obtain  <t>(oj),  eq.(l)  is  used. 
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of  the  pulse  intensity  I(t),  where  V(w)  is  Fourier  modulus  of  G^Cx).  For 
the  iterative  calculations,  the  experimental  values  of  I  x  (id)  and  V  (uj) 
are  used  for  I(w)  and  V (oo) .  Only  when  p,  S  and  x  take  Ini  experimentally 
reasonable  values,  the  iterative  calculation  converges  well. 

3.  Evaluation  of  experimental  results 

We  measured  the  experimental  data  of  I(io)  and  G2(x)  at  the  same  time.  Our 
CPM  ring  dye  laser  consists  of  two  dye  jet  streams:  one  is  gain  medium  ( Rh— 
6G)  and  the  other  is  saturable  absorber  (DODCI). 

Figure  2  shows  the  experimental  values  of  (a)I(X)  (A:  wavelength)  and 
(b)G2(x),  together  with  the  calculated  ones.  The  agreement  between  our 
calculation  and  the  experimental  is  very  good.  The  parameters  used  to 
reconstruct  the  pulses  are  listed  in  Table  1.  The  positive  value  of  p 
implies  that  the  optical  Kerr  effect  is  predominant  rather  than  the 
saturable  loss  effect.  It  causes  a  broad  wing  to  the  spectrum  at  long- 
wavelength  side  [2],  as  shown  in  Fig. 2(a). 

Figure  3  shows  the  reconstructed  pulse  together  with  the  frequency 
shift  Aoj(t)  (=-d<|>(t)/dt),  being  calculated  using  the  values  shown  in 
Table  1.  The  positive  chirp  resulting  from  the  optical  Kerr  effect  of  fast 


WAVELENGTH  (nm)  DELAY  TIME  (ps) 

Fig.  2  (a)Spectral  intensity  and  (b)conventional  SH  autocorrelation. 
Solid  lines  show  the  experimental  results,  while  broken  lines  show  the 
calculated  ones  using  the  reconstructed  pulse. 


Table  1  Parameters  used  for  iterative  calculation 


Parameters  of  absorber  Estimation  from  Estimation  from 

(DOOCI)  cal  culation  laser  condition 


Saturation  fluence  S=6xl0  erg/cm  S=6. 4xl04erg/cm2 

Recovery  time  xr=0.3ps  xr=(0.2  -  2)ps  (for  CS2) 


Coefficient  of  SPM  pl(0)=22ps  ^ 

P I ( 0 )=(— 3  -  10)ps_1 

15  1 

Laser  frequency  u)g=3. 05x10  s 

Pulse  energy  J(oo)=0.  9xl04erg/cm^ 

c 

Linear  index  n,,=(l  -  3)xl0 

_  *j  g  2 

Nonlinear  index  no-3x?0  cm  /W 

Effective  thickness  Le=(l  -  10)cm 

L 
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Fig.  3  Pulse  intensity,  phase  shift  and 
frequency  shift  of  the  reconstructed  pulse. 
The  parameters  used  are  listed  in  Table  1. 


recovery  time  can  be  observed  around  the  peak  of  pulse  intensity.  It 
should  be  noted  that  the  pulse  width  (t  =0. 2ps)  is  comparable  to  the 
recovery  time  (xr=0.3ps).  p 

4.  Discussion 


In  order  to  consider  the  effects  of  group-velocity  dispersion  (GVD)  on  SPM 
pulses,  the  recovery  time  of  the  SPM  should  be  considered,  when  the  pulse 
width  is  comparable  to  the  recovery  time.  We,  consequently,  have  intro¬ 
duced  the  recovery  time  into  the  theory  developed  by  MARTINEZ  et  al.  /4 /. 

Using  our  modified  calculation,  we  calculate  the  GVD  (g)  dependence  of 
relative  pulse  width  £=t  (g)/t  (0).  For  the  fast  recovery  time,  i.e. 
for  t  /t  (0)«1,  a  largePreduction  of  K  can  be  observed  at  a  large  negative 
value  or  g,  while  for  the  slow  recovery  time,  i.e.  for  t  /t  (0)>>1,  the 
reduction  of  5  can  not  be  observed  at  any  value  of  g.  p 

Next,  using  the  reconstructed  pulse,  we  calculate  the  GVD  dependence 
of  the  pulse  width.  The  result  shows  that  the  pulse  compression  is  about 
32%,  when  GVD  is  given  to  be  negative  outside  the  laser  oscillator.  This 
result  comes  from  the  large  optical  Kerr  effect  with  a  fast  recovery  time. 
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1.  Abstract 

A  technique  for  the  measurement  of  femtosecond  pulsewidths  is  presented  that 
uses  the  equality-width  of  the  envelope  of  the  interference  correlation  curve 
and  computer  processing  of  the  curve. 


2.  Introduction 

In  the  measuring  technique  for  ultrashort  pulses  with  type  I  phase  matching, 
all  the  correlation  information  of  the  pulses  is  expressed  (if  the  delay  velocity 
of  two  autocorrelation  pulses  is  slow  enough)  by  the  equation 

+oo 

</(r))=  J  {E\t)  +  E\t  +  r)+4E2(t)E2(t  +  T) 

—  OO 

+  2E2(t)E2(t  +  r)  cos  2u;r  +  AE(t)E(t  +  r) 

X  [E2(t)  +  E2(t  +  r)]  cos  wr)  dt  .  (1) 

The  curve  described  by  (1)  is  called  the  interference  correlation  measurement 
(IFCM)  curve.  The  ratio  of  the  peak  to  background  is  8:1,  and  so  it  is  also 
called  an  8.T  curve.  When  the  delay  velocity  is  fast  enough,  just  the  first  three 
terms  in  (1)  are  recorded  and  the  ratio  of  peak  to  background  is  3:1;  the  curve 
is  called  a  3:1  curve,  and  is  written  as  (/j  (r)).  This  is  the  intensity  correlation 
measurement  (ISCM)  curve  which  is  usually  used  to  measure  pulsewidths. 

It  is  of  interest  to  raise  the  precision  of  measurement  of  femtosecond 
pulsewidths.  The  methods  of  equality-width  and  of  microcomputer  processing 
are  used  to  attempt  this  in  this  paper. 


3.  Equality-Width 

The  first  method  involves  finding  the  equality-width  of  the  up-cnvclopc  of 
the  8:1  curve  that  is-equivalent  to  the  FWHM  of  the  3:1  curve  for  the  same 
pulses.  The  former’s  size  on  the  iccording  sheet  is  longer  than  the  latter’s. 
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equality  width  tor  • "  i  -  -  Experiment  curve  for  I FCN 

seel)  ‘x 

The  j)ositioa  of  the  equality- width  is  different  for  different  pulse  shapes.  For 
pulses  with  a  peak  height  of  S,  the  height  positions  of  the  equality-width  are 
3.9S4.  4.875.  4.923,  3.533  and  3.042  for  shapes  of  socle  t  / T,  exp(  —  2t * fT1 1. 
oxp(-2p|/D,  (1  +  t1/Tl)~x  and  sinc2(//T).  respectively.  ft,  has  been  calcu¬ 
lated  that  the  pulse  shape  for  a  C’PM  dye  laser  is  of  hypersceant  type  [1], 
so  the  position  of  the  equaiity-widt  h  is  given  by  the  value  of  4  (Fig.  1  >.  The 
pulses  from  a  C’PM  dye  laser  with  a  six-mirror  ring  cavity  were  measured  la¬ 
the  optical  correlator,  which  consists  of  prisms  [2].  The  equality- width  wa- 
239. 4  fs  (Fig.  2).  and  the  corresponding  pulsewidth  was  ,o4.5fs.  hi  order  to 
verify  this  result,  the  FW’HM  of  the  3:1  curve  was  measured;  the  pulse  width 
was  15?. 7 fs.  The  difference  between  the  two  results  is  4.2  fs.  whie’  within 
the  error  range. 

Doth  theoretical  analysis  and  experimental  results  show  that  there  is  a 
fast  velocity  limit  iq  for  the  3:1  curve  and  a  slow  velocity  limit  l’i  for  the 
3:1  curve,  which  are  I  s  —  A/S/r  and  F-j  —  A//...  respect i\ ,  ly.  when-  is  the 
resjjon.se  time  of  the  recorder  and  A  is  the  central  wavelength  of  the  CMP 
laser.  Since  Ct/Cs  —  S.  at  the  .me  speed  of  recoining  sheet,  the  size  ,if  the 
equality-width  on  the  sheet  is  at  least  8  times  as  long  as  the  FW’HM  of  the 
3:1  curve,  although  their  pulse  durations  are  the  same.  That  is.  the  resolution 
time  of  II-  CM  is  at.  least  seven  times  higher  than  that  of  ISCM.  In  faet.  the 
delay  velocity  can  be  .slowed  down  greatly.  Then-fore,  it  is  not  dillicu!  to  raise 
the  ;•<  .-olut  ton  time  by  one  ord- i  of  magnitude. 

4.  Computer  Processing 

1  ,‘ie  iiir'i  t  tifliui !  lea,  mode]  of  int  erjej  ence  eorreiat  ion  signal.,  sample.;  a:,.; 

1  by  e, impute:  preset  it  ed  1  he  basic  idea  i,  to  simulate  'he 

o!  ISC  M  t.v  eouipute:  and  to  i-oinlitne  tKCM  ati.i  ISCM.  \\>  have 


•e: .  ,,  •( 


r 


Fig. 3  Information  of  IFCM 
sampled  by  computer 


Fig. 4  Result  processed 
by  computer 


proved  that  the  area  under  the  interference  correlation  curve  is  equal  to  the 
area  under  the  second-order  intensity  correlation  curve  if  they  are  recorded  at 
equal  delay  velocities  (in  fact,  the  latter  cannot  be  obtained  at  this  velocity 
experimentally),  and  the  former  is  a  periodic  oscillating  function.  We  have 

r+;> 

(hir))  =  (1/p)  J  ( I(t))(1t  .  (2) 

T 

Here,  the  left  hand  side  of  the  equation  is  the  general  intensity  correlation 
function  and  the  right  hand  side  is  the  average  of  the  interference  autocorrela¬ 
tion  function  over  one  period.  Its  accuracy  is  very  high  because  the  computer 
can  sample  data  very  densely,  it  is  important  that  the  mathematical  model 
of  computer  processing  can  reproduce  the  physical  course  followed  by  ISCM 
mor  accurately  than  the  chart  recorder. 

A  plot  of  interference  correlation  information  sampled  by  computer  and 
the  general  intensity  correlation  curve  obtained  by  processing  the  information 
according  to  the  above  mathematical  model  are  shown  in  Figs.  3  and  4.  in 
which  12  2SS  data  were  sampled  by  computer  in  35  s. 

The  position  of  the  equality-width  on  the  envelope  should  be  revised  for 
a  pulse  with  chirp,  but  it  is  not  necessary  to  consider  chirp  for  computer 
processing. 
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Xian,  People’s  Republic  of  China 


In  view  of  the  generation  and  application  of  laser  pulses  in  the  femtosecond  regime  it  has 
become  necessary  to  further  improve  the  performance  of  linear-response  streak  cameras.  The 
approach  that  we  have  taken  involves  several  refinements  to  a  previous  design  of  electron- 
optical  streak  tube  ( 1|.  These  include  (i)  a  photocathode  having  reduced  photoelectron  energy 
distribution,  (ii)  optimised  electron-optical  lens  configuration,  (iii)  ultrahigh-sensitivity 
travelling-wave  deflection  arrangement  and  (iv)  high  quantum-efficiency  phosphor  screen. 

The  purpose  of  this  paper  is  to  detail  the  pertinent  design  aspects  of  the  tube  and  present 
experimental  data  to  indicate  that  the  camera,  in  its  present  state  of  development,  has  a  limiting 
temporal  resolution  of  approximately  300fs.  Design  modifications  aimed  to  further  improve 
this  resolution  to  around  lOOfs  will  also  be  briefly  discussed. 


The  new  design  of  tube  (2|  is  represented  schematically  in  Fig.  1  and  is  based  on  the  electrode 
configuration  of  the  Photochron  IV  which  has  been  demonstrated  to  have  a  single -shot 
temporal  resolution  of  800fs  and  a  synchroscan  resolution  ~900fs  |?,4|.  Notable 
improvements  in  the  new  tube  design  relate  to  the  structure  of  the  photocathode  and  deflection 
system.  The  photocathode  is  especially  thin  to  minimise  any  electron  emission  time 
distribution  and  its  composition,  with  increased  bandgap,  gives  rise  to  a  calculated  initial 
electron  energy  spread  of  -  lOOmeV  at  620nm. 


□  □  a  □  □  a 
□□□□□□ 

Meander-t>pe  Phosphor 

travelling-wave  deflector  Screen 


Klectron-Tens  Section 


l  ie.  1  Schematic  of  new  streak  tube 
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The  redesign  of  the  deflection  system  has  proved  very  successful.  By  adopting  a  meander- 
type  travelling-wave  configuration  which  crosses  the  electron  path  a  total  of  23  times,  the 
deflection  sensitivity  and  hence  achievable  streak  speeds  have  been  significantly  enhanced. 
The  meander  line,  constructed  from  1mm2  copper  bar  has  a  total  length  of  4cm,  with  a  5mm 
spacing  between  the  two  deflector  lines.  The  lines  were  impedance  matched  to  the  50f2  drive 
cable  via  a  tapered  transmission  line  inside  the  image  tube  and  a  5()f2  termination  was  externally 
connected  to  the  deflector  system.  For  this  arrangement  the  bandwidth  of  the  deflector  network 
exceeded  2.5GHz,  yielding  an  experimentally  measured  static  and  dynamic  deflection 
sensitivity  of  8.5cm/kV,  with  streak  speeds  of  2xl010cm/s. 


The  operating  voltages  of  the  tube  photocathode  and  mesh  were  -8kV,  -3kV  respectively 
relative  to  the  grounded  anode.  This  gave,  for  a  mesh  to  cathode  spacing  of  1 .2mm,  an  electric 
field  in  the  vicinity  of  the  photocathode  of  ~40kV/cm  and  an  electron-optical  magnification  of 

2.  A  static  limiting  spatial  resolution  of  50  lp/mm  was  observed  at  the  output  phosphor  screen. 
The  enhanced  quantum  efficiency  of  the  phosphor  implied  a  reduced  photoelectron  current 
requirement  and  therefore  minimised  possible  space  charge  effects. 

3.  Dynamic  Operation 

The  experimental  arrangement  that  has  been  employed  in  the  assessment  of  the  single-shot 
streak  performance  of  the  camera  is  shown  in  Fig.  2.  The  image  from  the  streak  tube  output 
screen  was  fibre-optically  coupled  to  a  microchannel  plate  intensifier  which  provided  a 
luminous  gain  of  10,000  and  a  spatial  resolution  of  ~50  lp/mm  at  its  photocathode.  This  was 
compatible  with  the  dynamic  performance  of  the  streak  tube.  L'ltrashort  pulses  from  a 
colliding-pulse,  passively  mode-locked  ring  dye  laser  |5|  were  employed  directly  as  test  optical 
signals  and  the  streak  images  were  recorded  using  an  optical  multichannel  analyser. 

A  double  avalanche  transistor  chain  generated  a  differential  voltage  ramp  of  3kV  in  1  5ns 
across  the  deflector.  An  initial  problem  encountered  with  this  circuit  was  its  slow  recovery 
time  (1/e  point  ~800|is)  which  tended  to  generate  an  intense  "fly-back"  on  the  streak  camera 
output.  This  masked  any  streaked  image,  even  when  the  input  light  signal  was  mechanically 
chopped.  By  applying  an  appropriate  electronic  gating  signal  to  the  photocathode  it  was 
possible  to  turn  off  the  camera  immediately  after  streaking.  This  method  effectively  provided 
single  pulse  selection  and,  as  a  result,  no  external  Pockels  cell  arrangement  was  required. 


Fig.  2  Experimental  arrangement 
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Fig.  3  Intensity  profiles  of 
recorded  streak  images  for  an 
input  pulse  separation  of  6.67  ps. 


i*-270fs 


ViaK, 


The  CPM  laser  when  operated  deliberately  with  excess  negative  group  velocity  dispersion  in 
the  cavity  produced  pulses  of  ~15()fs  duration  with  a  central  wavelength  of  -630nm  and 
energies  that  were  suitable  for  recording  purposes.  Typically,  the  pulse  energies  were  20pJ 
per  pulse  at  the  input  slit.  In  preliminary  studies  the  measured  temporal  resolutions  were 
around  500-600fs  and  were  found  to  be  limited  by  a  dynamic  defocusing  effect  from  the 
deflector  network.  This  was  found  to  result  from  slight  asynchronism  in  the  switching 
characteristics  of  each  transistor  chain  which  gave  rise  to  non-symmetric  ramp  generation.  Bv 
optimising  focus  voltages  during  streaking  this  effect  could  be  eliminated.  Under  these  optimal 
operating  conditions  the  temporal  resolution  was  substantially  improved  to  within  the  range  of 
300-400fs  and  the  streak  result  reproduced  in  Fig.  3  shows  intensity  profiles  which  indicate  a 
temporal  resolution  around  300fs.  [The  background  noise  is  due  to  light  transmitted  through 
the  photocathode  which  illuminated  the  back  of  the  phosphor.  | 

4.  Conclusions 


The  measured  dynamic  performance  of  this  femtosecond  streak  tube  compares  well  with  the 
theoretical  prediction  of  ~25()fs  for  the  applied  operating  voltages.  With  improved  tube 
designs  it  is  hoped  to  operate  at  higher  cathode  voltages  and  generate  higher  electric  fields  in 
the  vicinity  of  the  photocathode  by  transient  voltage  pulsation  of  the  mesh.  The  significant 
advantages  of  travelling-wave  deflection  are  obvious:  high  streak  scan  speeds  have  been 
achieved  with  comparatively  small  ramp  voltages  without  the  need  to  resort  to  laser  pulse 
amplification  and  Auston-type  switching  elements.  The  single-shot/gating  system  reported 
here  proved  highly  convenient  giving  repeatable  streak  results  with  a  jitter  of  less  than  flips.  It 
is  our  intention  to  use  this  camera  system  to  directly  study  "solitonic"  effects  [6]  in  the  CPM 
laser. 
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Advanced  Optical  Communications  Technologies 
Utilizing  Ultrashort  Optical  Pulses 

M.  Saruwatari,  K.  Nakagawa,  S.  Kawanishi,  and  A.  Takada 

NTT  Transmission  Systems  Laboratories,  Take  J -2356, 
Yokosuka-shi,  Kanagawa  238,  Japan 


1  Introduction 


Optical  fiber  communications  systems  are  expected  to  accommodate  the 
overwhelming  information  increase  that  the  coming  digital  information  networks 
should  require.  Recently,  much  effort  is  being  applied  toward  improving  lightwave 
communication  technologies  that  will  lead  to  high-speed  transmission,  long 
repeater  spacing,  and  efficient  use  of  lightwave  frequencies.  However,  present 
state-of-the-art  optical  technology  dues  nut  fully  utilize  the  ability  of  lightwaves  as 
an  ultrahigh  frequency  carrier.  There  is  much  room  for  improvement  of 
information  transmission  capacity,  optical  receiver  sensitivity,  optical  signal 
processing  speed,  and  so  on.  In  this  paper,  we  report  several  novel  techniques 
applicable  to  future  ultrahigh-speed  optical  communications  that  utilize  ultrashort 
optical  pulses.  They  include  ultrashort  optical  pulse  generation/compression  using 
laser  diodes,  all-optical  multi/demultiplexing,  chirped  pulse  transmission  and 
waveform  detection  techniques. 

2  Optical  Pulse  Generation-Compression  Technique 

To  develop  high-speed  optical  communications  systems,  ultrashort  optical  pulses 
with  high  repetition-rate  must  be  generated.  At  present,  subpicosecond  optical 
pulses  have  been  obtained  with  collision-pulse  mode-locked  (CPM)  dye  lasers  1 1  ]  or 
mode-locked  solid-state  laser  systems.  Both  are  employed  with  the  sophisticated 
pulse  compression  technique  which  utilizes  the  self-phase  modulation  in  single¬ 
mode  (SM)  fibers  and  the  chirping  compensation  with  grating-pairs.  However, 
these  systems  are  not  suitable  because  of  their  iow  repetition  rate  of  around  100 
MHz  and  their  lack  of  compactness. 

Laser  diodes  (LD)  are  most  promising  as  the  optical  source  owing  to  their  fast 
response,  compactness,  easy  handling,  etc.  Incidentally.  LDs  have  an  advantage  in 
that  their  oscillation  wavelengths  coincide  with  a  minimum-loss  and  zero- 
dispersion  region  of  conventional  optical  fibers.  To  date,  ultrashort  high  repetition 
rate  optical  pulses  have  been  generated  from  LDs  by  (^-switching,  active  passive 
mode-locking  incorporating  an  external  cavity,  and  gain-switching  using  short 
electrical/optical  pulse  pumping  or  strong  RF  modulation.  Among  them,  the  gain¬ 
switching  technique  [2-fi]  is  convenient  as  a  high-speed  and  short  optical  signal 
generator  because  of  its  simplicity,  stability  and  controllability  of  repetition  rate. 

Figure  1  illustrates  the  experimental  setup  of  a  pulse  generation  system  using  a 
gain-switched  distributed  feedback  (I)FB)  1,1).  The  1.3pm  wavelength  DFB  LI)  is 
driven  by  a  strong  sinusoidal  RF  signal  superimposed  on  a  DC  hias  current.  It  is 
clarified  that  generated  optical  pulses  exhibit  red-shift  frequency  chirping  due  to 
carrier-induced  refractive  index  change  associated  with  intense  short  pulse 
generation.  Therefore,  by  merely  traveling  through  SM  fibers  with  normal 
dispersion  at  1.3pm,  the  red-shift  chirping  of  the  original  pulses  can  he 
compensated  for,  and  the  pulses  are  compressed  to  the  nearly  transform  limited 
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Fig.  1  Highlv  repetitive  short  optical 
pulse  generation  from  a  gain-switched 
LD  followed  by  fiber  compression  tech¬ 
nique.  Deconvoluted  pulse  widths  of 
original  and  compressed  pulses  are  26ps 
and  7ps,  respectively. 
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pulses  [5].  Pulse  waveforms  and  time-resolved  spectrum  characteristics  measured 
with  a  synchroscan  streak  camera  are  also  shown  in  Fig.  1.  Left-hand  and  right- 
hand  photographs  correspond  to  those  before  and  after  the  chirping  compensation 
using  dispersion-shifted  SM  fibers.  The  26  ps  original  optical  pulses  have  been 
successfully  compressed  to  7  ps  pulses  with  a  4.4  GHz  repetition  rate  [5].  In  this 
manner,  12  GHz[6]  ultrashort  optical  pulses  at  1.3  or  1.55  pm  have  been  generated. 

For  the  application  to  optical  communications,  repetitive  pulses  must  be 
modulated  directly  or  with  an  external  modulator.  Recently,  randomly  modulated 
optical  signals  are  also  being  generated  with  gain-switched  LDs  by  adopting  an 
appropriate  undershoot  in  the  electrical  signal.  At  present,  the  maximum  bit  rate 
is  limited  to  a  relatively  low  value,  compared  with  the  attainable  pulse  duration. 
This  is  because  notonly  LDs  but  also  electrical  circuits  including  an  LD  driver  and 
a  signal  generator  have  limited  bandwidths.  To  solve  this  limitation,  another 
approach  such  as  optical  multiplexing  techniques  are  expected  to  be  satisfactory. 

3  All-Optical  Multi/DemultiplexingTechniques 

One  way  of  realizing  ultrahigh-bit  rate  optical  communication  is  to  multiplex 
several  lower  bit  rate  signals  to  one  higher  rate  signal,  and  to  demultiplex  the 
transmitted  higher  bit  rate  signal  when  needed,  all-optically. 

The  experimental  setup  of  a  multiplexing  circuit  is  shown  in  Fig.  2.  Optical 
pulses  with  30  ps  duration  are  generated  from  a  gain-switched  1.3  pm  DFR-LD  at 
3.125GHz  repetition  rate.  After  being  randomly  modulated  with  the  external 
modulator,  the  30  ps  pulse  stream  is  compressed  to  8.6  ps  with  the  SM  fiber.  The 
modulated  and  compressed  pulse  signals  are  then  led  to  the  5-stage  multiplexer 
composed  of  6  pieces  of  2x2  fiber  couplers  and  5  pieces  of  fiber  delay  lines.  This 
multiplexes  the  original  bit  rate  by  25  (-32)  times.  The  photograph  in  Fig.  2 
demonstrates  the  32-time  multiplexed  signals,  that  is,  a  100  Gb/s  pulse  pattern 
observed  with  the  streak  camera  [1],  The  mark“l”  and  space“0”  bits  are  clearly 
distinguished.  By  selecting  an  appropriate  delay  time,  the  pseudo-random  optical 
pattern  can  also  be  generated  with  this  configuration.  This  technique  is  applicable 
to  the  evaluation  of  high  speed  optical  transmission  and  optical  logic  circuits. 

All-optical  time-division  demultiplexing  of  an  optical  pulse  train  has  also  been 
demonstrated  using  the  Kerr  effect  in  polarization-maintaining  SM  fibers  ns 
shown  in  Fig.  3.  Control  pulses  and  signal  pulses  are  generated  from  the  1.06  pm 
mode-locked  Y AG  laser  at  82MHz  and  the  1 .3  pm  gain-switched  DFR-LD  at  2GHz. 
Because  only  the  signal  pulses  superimposed  with  the  control  pulses  change  their 
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Fig. 2  Experimental  setup  of  a  multiplexing 
circuit.  lOOGb/s  modulated  pulses  from 
the  last  fiber  coupler  are  also  shown. 
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Fig.  3  Ultra-fast  all-optical  time  domain  demultiplexer  utilizing  optical  Kerr 
effect  in  polarization-maintaining  single-mode  fibers. 


polarization  direction  by  90  degrees,  the  signal  pulse  stream  can  he  demultiplexed 
with  the  polarization  splitter  into  two  pulse  streams  according  to  the  control  pulse 
stream.  To  stabilize  the  polarization  fluctuations  of  the  signal  pulses  caused  by 
temperature/pressurc-indueed  birefringence  change,  two  birefringent  fibers  with 
the  same  length  are  spliced  so  that  their  fast  axes  cross  at  right  angles  ,81.  This 
results  in  overall  birefringence  compensation  without  sacrificing  the  polarization 
maintaining  properly  of  the  fibers.  With  the  control  pulses  of  34  W  at  peak,  the  2- 
GHz  pulse  stream  is  completely  demultiplexed  for  the  20  m  spliced  fibers  i8-9i. 

The  present  Kerr-switching  duration  of  about  lOOps  is  determined  by  the 
control  pulse  width  of  80  ps  and  by  the  walk-off  of  lOOps  between  signal  and  control 
pulses.  The  latter  is  caused  by  the  ehromatic  polarization  dispersions,  and  also 
limits  the  effective  interaction  fiber  length,  which  is  inversely  proportional  to  the 
required  control  power  [ 9 j .  When  much  shorter  control  pulses  and  no  walk-off 
conditions  are  adopted,  less  than  1  ps  operation  can  be  expected  with  much  lower 
control  power.  A  preliminary  experiment  using  a  1.3  pm  YAG  laser  and  lfiOm 
fibers  has  shown  that  the  required  peak  control  power  is  decreased  to  3.4  W  it)  j. 
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4  Optical  Pulse  Transmission  Through  Fibers 

Ultrashort  optical  pulses  have  very  wide  spectra  inversely  proportional  to  their 
pulse  widths,  and  relatively  high  peak  intensities.  As  a  result,  when  they  are 
transmitted  through  long  fibers,  they  are  apt  to  broaden  due  to  chromatic 
dispersion.  They  also  may  be  affected  by  various  nonlinear  optical  effects  in  fibers, 
e.g.,  self-phase  modulation  (SPM),  Brillouin/Raman  scatterings/amplifications.  In 
connection  with  the  nonlinear  effects,  optical  soliton  transmission  utilizing  both 
SPM  and  anomalous  dispersion  in  fibers  has  also  been  studied  for  application  to 
long  distance  transmission  [10].  Leaving  these  nonlinear  phenomena  to  another 
paper  [11],  this  paper  touches  on  chirped  optical  pulse  transmission  through  fibers. 

Optical  pulses  generated  from  LDs  exhibit  the  frequency  chirping  due  to  carrier- 
induced  refractive  index  change  as  cited  previously.  It  is  clarified  that  the  chirped 
optical  signals  from  directly  modulated  LDs  can  be  transmitted  through  long  fibers 
without  receiver  sensitivity  degradation  [  1 2- 1 3 ][6]  due  to  no  waveform  broadening 
after  transmission.  Because  the  gain-switched  LD  pulses  have  nearly  iinear  red- 
shift  chirping,  the  pulse  compression  effect  due  to  normal  dispersion  of  fibers  can 
be  fully  utilized  for  long  distance  transmission.  Figure  4  shows  the  relationship 
between  the  measured  pulse  width  versus  the  normal  dispersion  value  (ps/nm) 
when  using  the  gain-switched  DFB-LD  and  the  high-dispersion  (-10  ps/nm/km) 
fibers  [6].  This  indicates  that  by  using  conventional  fibers  with  -1  ps/nm/km 
dispersion,  20  ps  chirped  pulses  corresponding  to  50Gb/s  signal  can  be  sent  through 
about  100km  distance  without  waveform  broadening. 


Fig. 4  Relationship  between  the  measured 
pulse  width  versus  the  normal  dispersion 
value.  Theoretical  values  are  also 
indicated  by  solid  lines.  Imp  p  is  the  peak- 
to-peak  amplitude  of  drive  current 
applied  to  LD. 


5  High-Speed  Optical  Detection  Technique 

Design  and  evaluation  techniques  for  wideband  optical  receivers  are  important  for 
developing  future  ultrahigh-speed  optical  transmission  systems.  A  heterodyne 
detection  method  [14-15]  using  two  DFB-LDs  [16]  as  the  beat  signal  source  is  a 
powerful  technique  for  measuring  the  frequency  response  of  wideband  optical 
receivers  because  this  technique  has,  in  principle,  no  bandwidth  limitation  [  15- 16]. 
This  technique  aids  the  optimum  design  of  ultrahigh-speed  opt  ical  receivers.  The 
developed  receiver  configuration  with  a  35  pmi}>  InGaAs-PIN  photodiode  (0.07  pF 
capacitance  and  82%  quantum  efficiency)  followed  by  two  stage  I1EMT  amplifiers 
[17]  is  shown  in  Fig.  5.  By  optimizing  the  gate  bias  condition,  wideband  optical 
receivers  with  15GHz  bandwidth  (3  dB  down)  and  nearly  flat  frequency  response 
are  realized  as  shown  in  Fig.  5.  The  noise  figures  of  3.6  dB  and  2.8  dB  (average 
value  of  2-18GHz)  are  measured  atroom  temperature  and  low  ( 158K)  temperature 
operations,  respectively.  This  corresponds  to  the  receiver  sensitivity  of  - 1 8.6  dBm 
in  the  cases  of  20  Gb/s  transmissions  at  room  temperature. 

Optical  waveform  measurements  with  high  resolution  are  also  required  for 
ultrahigh-speed  optical  systems.  An  optical  sampling  technique  ,18;.  using 
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Fig.  5  Frequency  response  of  a  PIN-PB  +  HEMT  optical  receiver,  (a)  Circuit 
configuration,  (b)  Measured  frequency  response  by  optica!  heterodyne 
detection. 


ultrashort  optical  pulses  as  the  sampling  pulses,  offers  an  attractive  method  that 
avoids  problems  associated  with  high-speed  detectors'electronics.  This  sampling 
method  utilizes  the  femtosecond  response  of  optical  sum-frequency  generation 
(SFG)  in  nonlinear  optical  material.  The  cross-correlation  signal  between  the 
measured  and  the  sampling  pulses  is  obtained  through  the  SFG  process.  By 
adopting  a  highly  efficient  Lii\b03  waveguide,  where  the  SFG  light  is  emitted  ns 
the  ‘Cherenkov  radiation'  mode,  and  using  compressed  gain-switched  I)FB  IT) 
pulses  as  the  sampling  pulses,  the  sampled  optical  waveform  of  25  Gb  s  word 
pattern  is  measured  at  time-resolution  less  than  10  ps[  19], 

6  Conclusion 


Novel  techniques  utilizing  ultrashort  optical  pulses  are  reviewed  as  future 
applications  of  high-speed  optical  communications.  Although  some  of  these 
techniques  are  not  sufficiently  mature  to  be  actually  used,  they  are  expect*  '  to 
enhance  new  conceptual  techniques  such  as  all-optical  processing,  photonic 
switching,  optical  computers,  and  others.  These  new  techniques  are  indispensable 
to  the  coming  information  society. 
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All-optical  switching  devices  are  of  considerable  interest  for  future 
ultrahigh  speed  transmission  systems  because  of  their  potential  for  subpi¬ 
cosecond  response  and  the  prospect  of  eliminating  costly  opt ical - electronic 
conversions.  In  the  last  few  years,  a  number  of  switching  devices  have 
been  demonstrated  using  glass  optical  fibers,  including  the  birefringent 
fiber  polarization  switch  11],  the  optical  fiber  Kerr  gate  [2],  and  the 
dual-core  fiber  nonlinear  directional  coupler  [3,4],  In  this  paper  we 
report  substantially  complete  switching  of  100  fsec  optical  pulses  by  a 
glass  fiber  nonlinear  coupler  [5],  To  our  knowledge  this  is  the  fastest 
switching  time  ever  measured  in  a  guided-wave  all-optical  device. 

Figure  1  shows  a  schematic  diagram  of  a  nonlinear  coupler.  At  low 
intensity  the  device  behaves  as  a  conventional  directional  coupler;  light 
introduced  into  waveguide  (1)  transfers  into  waveguide  (2)  in  the  coupling 
length  Lc .  Higher  intensity  light  induces  changes  in  the  refractive  index, 
detunes  the  coupler,  and  hence  remains  primarily  in  the  input  guide.  The 
transition  from  low  power  to  high  power  behavior  occurs  at  the  critical 
power  Pc ,  at  which  the  power  splits  evenly  between  the  two  waveguides. 
Theoretical  switching  characteristics  for  a  nonlinear  coupler  of  length  Lc 
are  shown  in  Fig.  2  for  CW  input  light.  Low  power  signals  introduced  into 
guide  (1)  emerge  from  guide  (2),  whereas  high  power  signals  (P»PC)  emerge 
from  guide  (1)  [4] . 

For  an  input  signal  in  the  form  of  a  pulse,  the  pulse  breaks  up  ac¬ 
cording  to  its  instantaneous  intensity  [6],  Figure  3  shows  calculated 
temporal  profiles  of  the  output  pulses,  ignoring  group  velocity  dispersion 
effects,  for  sech2(t)  input  pulses  with  peak  power  2PC.  The  low  intensity 
wings  of  the  input  pulse  emerge  from  guide  (2),  whereas  the  intense  central 
portion  of  the  pulse  remains  in  guide  (1).  In  an  experiment  in  which  pulse 
break-up  is  not  temporally  resolved,  the  measured  switching  curves  are  the 
CW  curves  integrated  over  the  pulse  intensity  profile.  The  dashed  line  in 
Fig.  2  shows  the  result  for  a  sech^(t)  pulse  shape. 

Our  nonlinear  coupler  consists  of  a  5-mm  length  of  fused  quartz  dual- 
core  optical  fiber,  shown  in  Fig.  4.  The  fiber  contains  two  2.8-/jm  cores. 


Fig ,  1  Schematic  of  a  nonlinear  coupler. 
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Fig.  2  Relative  output  power  from  guides 
(1)  and  (2) ,  calculated  as  a  function  of 
input  power  (normalized  to  Pc) .  Solid 
lines:  CW  response.  Dash-dot  lines: 

Response  to  sech^(t)  input  pulses. 


Fig .  3  Temporal  profile  of  the 
output  pulses  from  guides  (1) 
and  (2),  computed  for  sech^(t) 
pulses  with  peak  power  2PC. 


Photograph  of  Che  dual -core  fiber  nonlinear 
coupler . 


with  an  index  difference  of  0.003  and  a  core  separation  of  8 .  <4  .  Each 
fiber  core  is  single-mode  for  wavelengths  longer  than  500  nm.  We  charac¬ 
terized  the  coupler  by  performing  a  series  of  measurements  in  which  we 
focused  a  low  power  white  light  source  into  a  single  fiber  core  and 
measured  the  relative  output  power  from  each  of  the  two  cores  as  a  function 
of  wavelength.  From  the  data  we  estimate  a  coupling  length  of  U .7  mm  at 
620  nm.  We  also  verified  that  the  coupling  length  was  independent  of 
polarization  and  that  the  coupler  maintained  the  polarization  state  of  the 
input  light. 

Switching  experiments  were  performed  using  pulses  from  a  CPM  dye  laser 
and  a  copper  vapor  laser  pumped  dye  amplifier  [7].  The  system  produced  620 
nm,  100  fsec  pulses  with  energies  of  several  hundred  nJ  at  an  8.6  khz 
repetition  rate.  Amplified  pulses  were  attenuated  and  focused  into  a 
single  fiber  core,  which  we  denote  guide  (^);  the  other  input  core  was 
carefully  blocked  by  a  razor  blade.  The  output  from  each  core  was  focused 
onto  a  separate  power  meter,  and  the  average  power  emerging  from  ea^h  core 
was  measured  as  a  function  of  the  input  power. 
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Fig.  5  Relative  output  power 
from  guides  (1)  and  (2)  for 
the  5  mm,  dual-core  fiber 
nonlinear  coupler.  The  data 
are  the  response  for  100  fsec 
input  pulses . 
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The  fraction  of  the  output  power  emerging  from  each  of  the  cores  is 
plotted  in  Fig.  5  as  a  function  of  total  power.  At  low  power  86%  of  the 
light  emerged  from  core  2;  at  the  highest  power  81%  emerged  from  core  1. 
Similar  data  were  obtained  for  several  pieces  of  dual  core  fiber,  for 
various  laser  pulse  widths  in  the  range  100-200  fsec,  and  for  various 
polarization  angles.  The  response  is  in  good  agreement  with  the  dashed 
line  in  Fig.  2.  From  the  data  we  estimate  Pc  «  32  kW,  within  a  factor  of 
two  of  the  60  kW  value  obtained  from  the  formula  Pc  -  AA/n2Lc.  using  the 
known  nonlinear  coefficient  for  silica  n2  =  3.2  x  10"^  cm^/W  and  using  15 
jum^  as  a  rough  estimate  of  the  effective  mode  area. 

In  order  to  demonstrate  break-up  of  the  input  pulses,  we  performed 
autocorrelation  measurements  of  the  pulses  emerging  from  the  two  fiber 
cores.  Figure  6  shows  autocorrelation  traces  of  the  pulses  emerging  from 
the  two  cores,  for  200  fsec  input  pulses  at  a  peak  power  of  =  2PC.  Al¬ 
though  the  trace  corresponding  to  guide  1  is  similar  to  that  of  the  input 
pulse,  the  trace  corresponding  to  core  2  is  triply  peaked,  indicating  a 
pulse  doublet  emerging  from  this  core.  Each  of  the  three  autocorrelation 
peaks  is  significantly  narrower  than  the  input  autocorrelation.  These  data 
confirm  our  picture  of  pulse  fragmentation  and  demonstrate  femtosecond 
switch-on  as  well  as  switch-off  times  for  our  nonlinear  coupler. 

In  addition  to  the  nonlinear  reshaping  evident  in  Fig.  6.  output 
pulses  from  the  nonlinear  coupler  are  temporally  and  spectrally  broadened 
by  group  velocity  dispersion  (GVD)  and  self  -  phase -modulati on  fSPM).  Figure 
7  shows  spectra  of  pulses  emerging  from  guide  (1)  for  various  power  levels. 
At  low  powers  the  output  spectra  from  both  guides  are  identical  to  the 
input  spectrum,  with  a  10  nm  width.  The  spectrum  from  guide  (1)  broadens 
to  =  20  nm  at  Pc  and  to  -  40  nm  at  2PC.  These  spectrally  broadened  pulses 
should  be  especially  suitable  for  high  quality  pulse  compression  since  the 
low  intensity  wings  are  suppressed  by  the  nonlinear  reshaping  mechanisms. 
The  spectra  corresponding  to  guide  (2)  (not  shown)  broaden  to  a  similar 
extent  but  develop  features  more  complicated  than  those  seen  in  Fig.  7. 
Spectral  broadening  occurs  for  any  fiber  switching  device  based  on  nonlin¬ 
ear  phase  shifting  and  may  necessitate  pulse  regenerators  in  svstems  with 
cascaded  fiber  switching  elements. 

The  speed  of  the  nonlinear  coupler  switch  is  limited  by  GVD.  The 
temporal  broadening  of  pulses  emerging  from  guide  (1)  can  easily  be 
estimated  if  we  neglect  nonlinear  reshaping  and  refer  o  the  literature  on 
pulse  propagation  under  the  combined  influence  of  SPM  and  GVD,  We  start  bv 
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Fig.  6  Autocorrelation  traces  of 
pulses  emerging  from  the  coupler,  for 
200  fsec  input  pulses  at  a  peak  power 
of  2.2  Pc. 
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Fie .  7  Spectra  of  pulses  emerging 
from  guide  (1),  for  100  fsec  input 
pulses . 


expressing  the  experimental  parameters  in  dimensionless  ’soliton'  units 
[8).  The  normalized  field  amplitude  A  is  then  given  by 

A  -  2  I(z0/Lc)(P/Pc))V2  , 

where  zQ  is  the  dimensionless  soliton  period.  The  amount  o  -dening 
increases  with  the  peak  input  power.  For  P  -  Pc,  A  -  620  nm,  auu  100  fsec 
input  pulses,  we  obtain  A  -  8.5,  Lc/zc  -  0.055,  and  approximately  60% 
temporal  broadening.  For  P  -  Pc  and  200  fsec  input  pulses,  we  predict  A  - 
17,  Lc/z0  -  0.014,  and  25%  temporal  broadening;  this  estimate  is  consistent 
with  the  autocorrelation  data  for  200  fsec  input  pulses  since  the  expected 
broadening  due  to  GVD  closely  compensates  the  anticipated  temporal  narrow¬ 
ing  due  to  pulse  fragmentation.  At  a  wavelenth  of  1.3  pm,  the  GVD  is  zero; 
and  other  factors,  such  as  the  wavelength  dependence  of  the  coupling 
length,  will  limit  the  maximum  speed  to  several  tens  of  femtoseconds. 

Further  work  will  be  aimed  at  reducing  the  switching  power  and  mini¬ 
mizing  incomplete  energy  exchange  due  to  pulse  fragmentation.  The  criti¬ 
cal  power  could  be  reduced  by  fabricating  longer  couplers  from  more  highly 
nonlinear  material.  For  example,  a  50  cm  device  made  from  SF-59  glass 
would  switch  at  =■  10  W.  Pulse  fragmentation  could  be  circumvented  by 
performing  experiments  with  ultrashort  square  pulses.  Square  pulses  have 
been  generated  by  masking  of  spatially  dispersed  frequency  components 
within  a  temporally  nondispersive  grating  apparatus  [9);  Fig.  8  shows  a 
representative  cross-correlation  measurement  of  a  1  psec  square  pulse  with 
a  100  fsec  rise  time.  Measurements  performed  using  such  ultrashort  square 
pulses  would  permit  demonstration  of  very  sharp  switching  transitions 
predicted  for  devices  several  Lc  in  length  (4) . 

In  summary,  we  have  demonstrated  all-optical  switching  of  100  fsec 
pulses  by  a  dual  core  fiber  nonlinear  coupler.  This  is  the  fastest 
switching  time  measured  for  any  guided-wave  switching  device. 
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Fie.  8  Cross-correlation  measure¬ 
ment  of  a  1-psec  square  pulse  with  a 
100-fsec  rise  time  [9], 
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1.  Introduction 

There  has  been  increasing  interest  in  optical  bistable  devices  for  the 
applications  of  optical  computing  and  optical  communication.  There  are 
various  kinds  of  optical  bistable  devices,  such  as  bistable  laser  diodes 
with  sAt. Table  absorbers!  1-3  ],  laser  diode  ampl  i  f  iers[4  J,  optical  thyris- 
tors[5],  Self  Electro-optic  Effect  Devices  (SEED's)[6],  and  nonlinear 
etaions[7].  Among  these  devices,  bistable  laser  diodes  with  saturable 
absorbers  hav°  the  advantages  of  high  output  power,  high  on/otf  ratio, 
relatively  low  switching  energy,  and  insensitivity  to  input  light  wave¬ 
length.  However,  they  are  not  applicable  to  two-dimensional  arrays  in 
principle,  since  they  use  cleaved  facets.  Moreover,  their  switching  speed 
is  limited  to  about  200ps,  and  further  improvement  is  desired. 

We  have  recently  reported  surface-emitting  multiquantum  well  (MQW)  dis¬ 
tributed  Bragg  reflector  (DBR)  lasers  using  second-order  gratings[8].  They 
have  the  advantages  of  single  longitudinal  mode  operation  and  very  narrow 
beam  divergence  (less  than  0.2’).  When  the  lasing  wavelength  was  detuned 
to  shorter  wavelength,  a  bistable  operation  was  also  obtained  due  to  the 
increased  absorption  in  the  unpumped  DBR  section[9].  Very  fast  switching 
operation  was  observed  due  to  the  increased  differential  gain  (the  gain 
coefficient  differentiated  by  the  carrier  density)  of  the  MQW  structure. 

In  the  first  half  of  this  paper,  we  describe  the  bistable  operation  and 
fast  switching  charac teri st i cs  of  the  surface-emitting  lasers. 

Beam  switching  or  deflecting  devices  are  also  expected  in  various 
applications  suen  as  optical  computing.  Since  grating-coupled  surface- 
emitting  lasers  have  narrow  beam  divergence,  high  performance  beam  control 
operation  is  expected  by  changing  the  lasing  wavelength.  In  the  latter 
half  of  this  paper,  we  describe  the  beam  switchinq  operation  of  surface- 
emitting  MQW-DBR  lasers  due  to  the  lasing  mode  control. 

2.  Bistable  switching  operation 

Figure  1  shows  the  schematic  of  the  device  structure.  A  MQW  structure 
was  used  botn  in  the  gain  section  and  the  DBR  section.  Since  the  grating 
is  second-order,  the  DBR  section  also  acts  as  a  grating-coupler  as  well  as 
a  saturable  absorber.  To  increase  the  absorption,  the  lasing  wavelength 
was  detuned  so  that  it  is  8nm  shorter  than  the  gain  peak.  The  length  of 
the  gain  section  and  the  DBR  section  are  150pm  and  300pm,  respectivpiy. 
Figure  2  shows  the  current  vs  po»t.  characteristic.  The  threshold  current 
was  38mA  and  the  output  power  was  2mW.  The  on/off  ratio  was  greater  than 
50:1. 

The  turn-on  characteristic  with  a  current  trigger  measured  by  a  streak 
camera  is  shown  in  Fig.3.  The  rise  time  was  measured  to  be  12ps  when  the 
current  height  was  eight  times  the  threshold  current,  although  the  rise 
time  was  almost  independent  of  the  applied  current  height.  The  delay  time 
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Fig.1  Schematic  of  the  surface-emitting  Fig. 2  Current  vs  power 

MQW-DBR  laser  characteristic 


after  the  current  pulse  was  applied  was  about  one  nanosecond  when  no  bias 
current  was  applied,  and  it  was  reduced  to  less  than  lOOps  with  increasing 
the  bias  current.  The  fall  time  was  measured  to  be  60ps  when  the  current 
was  switched-off  from  eight  times  the  threshold. 

The  measured  fast  response  characteristics  can  be  explained  as  follows. 
The  delay  time  mainly  depends  on  the  speed  of  the  bleaching  of  the  satura¬ 
ble  absorber,  so  increasing  the  bias  current,  pulse  current  height  and  the 
differential  gain  is  important.  On  the  other  hand,  the  rise  time  is  deter¬ 
mined  by  the  increase  of  the  population  inversion  by  the  saturable  absor¬ 
ber,  and  it  can  be  reduced  by  increasing  the  hysteresis  width  as  well  as 
increasing  the  differential  gain. 

One  great  advantage  of  this  device  is  that  it  can  be  triggered  by 
optical  pulses  injected  from  the  surface,  since  there  is  no  electrode 
above  the  saturable  absorber.  The  turn-on  characteristics  were  measured 
by  biasing  the  bistable  laser  slightly  below  threshold  and  injecting  light 
pulses  into  the  saturable  absorber  with  a  cylindrical  lens  attached  to  the 
device. 

A  laser  diode  (wavelongth:830nm)  was  first  used  as  a  trigger  light 
source.  The  minimum  power  and  energy  required  fur  switching  were  lmW  and 


Fig. 4  Response  of  the  bistable 
laser  with  a  dye  laser  pulse 
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5pJ,  respectively.  The  turn-on  delay  time  and  the  rise  time  were  1 1  Ops  and 
250ps,  respectively,  when  the  input  power  was  20mW. 

To  measure  the  ultimate  switching  speed  with  short  pulses,  a  dye  laser 
with  R6G  was  used  as  a  trigger  source.  The  lasing  wavelength  was  610nm  and 
the  pulse  width  was  800fs,  however,  the  wavelength  difference  from  the 
laser  diode  is  not  significant.  Figure  4  shows  the  input  and  the  output 
light  when  the  input  pulse  energy  was  2nJ.  The  total  switching  time  (delay 
time  +  rise  time)  was  measured  to  be  5Gps.  The  switching  time  was  almost 
saturated  in  this  input  energy  range,  and  it  increased  to  about  lOOps  when 
the  input  pulse  energy  was  lUOpO. 

In  bistable  lasers  with  saturable  absorbers,  the  lasing  usually  occurs 
about  lOnm  longer  than  the  gain  peak  due  to  the  lower  absorption  coeffi¬ 
cient  of  the  saturable  absorber  at  longer  wavelength.  However,  the  diffe¬ 
rential  gain  is  much  smaller  at  this  wavelength.  In  the  current  device, 
the  lasing  wavelength  was  detuned  to  8nm  shorter  than  the  gain  peak  by  so 
designing  the  grating  period.  By  a  theoretical  calculation  the  differen¬ 
tial  gain  of  the  detuned  MQW  structure  is  more  than  five  times  larger  than 
that  without  wavelength  selection  mechanism  (Fabry-Perot  bistable  lasers). 

Dynamic  characteristics  were  also  numerically  calculated  using  rate 
equations[ 3, 1 0].  In  the  calculation,  we  assumed  that  an  optical  pulse  with 
an  infinitesimal  width  bleaches  the  saturable  absorber  with  a  100%  effi¬ 
ciency.  The  result  shows  that  the  switching  times  of  40ps  and  20ps  are 
expected  with  the  input  optical  pulse  energy  of  lOpJ  and  20pJ,  respective¬ 
ly,  with  an  undoped  MQW  structure.  Compared  with  the  experimental  results, 
if  we  can  increase  the  coupling  efficiency  of  the  input  light  into  the 
saturable  absorber,  higher  switching  speed  with  less  optical  energy  will 
he  realized.  The  calculation  also  shows  that  the  switching  speed  becomes 
about  twice  when  a  p-doped  MQW  structure  with  an  acceptor  concentration  of 
lX10'’cm  3  is  used  as  an  active  layer,  since  the  differential  gain  is 
further  increased. 

3.  Beam  switching  operation 

4  beam  switching  operation  was  also  observed  in  a  surface-emi tt i ng  MQW- 
DBR  laser  with  an  additional  control  section.  The  device  structure  is 
shown  in  Fig.5.  The  length  of  the  gain  section,  DBR  section,  and  the 
control  section  are  270pm,  300pm,  and  300pm,  respectively. 
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Fig. 6  Beam  emission  angle  vs  control  Fig. 7  Time-resolved  intensity 

current  I2  and  far-field  patterns  of  the  F-P  and  the  DBR  modes 


The  operation  principle  is  as  follows.  When  only  the  gain  section  is 
pumped  by  an  injection  current  of  1 1 ,  the  laser  oscillates  in  a  DBR  mode 
and  the  output  beam  is  normal  to  the  surface.  With  increasing  the  control 
section  current  I^,  the  light  reflected  from  the  control  section  facet 
becomes  larger,  and  the  laser  oscillates  in  a  Fabry-Perot  (F-P)  mode. 
Figure  6  shows  the  beam  emission  angle  vs  control  section  current  I^.  The 
beam  was  deflected  by  3uby  the  wavelength  difference  of  13nm. 

The  time-resolved  intensity  of  each  beam  is  shown  in  Fig.7  when  a 
current  pulse  was  applied  to  the  gain  section  with  no  bias  current.  The  F- 
P  mode  beam  intensity  increases  almost  corresponding  to  the  carrier  densi¬ 
ty  increase  in  the  control  section,  while  the  DBR  mode  beam  intensity 
decreases  since  the  carriers  in  the  gain  section  are  consumed  for  the 
stimulated  emission  of  the  F-P  mode.  The  F-P  mode  beam  switched-on  in 
60ps,  while  the  DBR  mode  beam  switched-off  in  20ps.  By  shortening  the 
cavity  length,  higher  switching  speed  will  be  possible. 

4.  Conclusion 

The  bistable  operation  and  beam  switching  operation  were  measured  in 
surface-emitting  MQW-DBR  lasers.  The  bistable  operation  can  be  controlled 


by  an  external  trigger  light  injected  from  the  surface,  and  extension  to 
two-dimensional  arrays  will  be  possible.  The  optical  switching  time  was 
50ps.  The  beam  switching  operation  was  realized  by  using  the  lasing  wave¬ 
length  change  with  changing  the  control  current.  The  beam  deflection  angle 
was  3°,  and  the  switching  time  was  60ps.  These  devices  are  expected  to 
play  an  important  role  in  future  optical  computing  systems,  and  further 
research  work  is  expected. 
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Ati-eptical  gates  tire  intrinsically  very  fast  when  they  involve  only  virtual  light-matter 
interactions  ( 1 1.  However  this  usually  requires  very  high  (GW/cm2)  intensities,  which 
restricts  their  use  to  relatively  modest  repetition  rates,  due  to  the  unavailability  of  adequate 
lasers.  On  the  other  hand  optical  gates  and  bistable  devices  based  on  absorption  saturation  or 
carrier-induced  nonlinear  refraction  in  semiconductors  have  much  lower  intensity  require¬ 
ments.  As  is  well  known,  the  switch-off  time  of  such  devices  is  limited  by  the  carrier  lifetime, 
which  led  several  groups  to  deliberately  increase  the  nonradiative  recombination  rate  in  their 
devices.  The  drawback  of  this  approach  is  that  a  lot  of  heat  is  generated  through  these 
nonradiative  transitions,  which  puts  another  restriction  on  the  useful  repetition  rate  of  these 
optical  gates.  It  would  be  interesting  to  develop  a  practical  means  to  drain  the  stored  energy 
very  quickly  out  of  the  device  material.  Stimulated  emission  induced  by  ultrashort  light 
pulses  seems  to  be  an  adequate  answer  to  this  problem,  provided  that  it  can  be  achieved 
efficiently  with  reasonable  pulse  energies. 

Very  recently  it  has  been  found  that  low  temperature  Multiple  Quantum  Well  (MQW) 
samples  could  exhibit  a  surprisingly  fast  recovery  of  absorption  (within  10  ps  at  15  K)  after 
excitation  by  intense  ultrashort  light  pulses  [2).  This  has  been  attributed  to  the  effect  of  the 
high  stimulated  recombination  rate  caused  by  amplified  spontaneous  luminescence  guided 
along  the  MQW  structure,  as  confirmed  by  streak  camera  observations  of  the  edge-emitted 
luminescence  [2],  and  measurements  of  time-resolved  luminescence  spectra  with  subpicose¬ 
cond  resolution  [3|. 

Our  experimental  results  on  the  spot  size,  intensity,  and  temperature  dependences  of  this 
effect  point  to  a  strong  enhancement  of  stimulated  recombination  at  low  (intermediate) 
temperatures.  At  a  given  temperature  in  the  range  100-160  K,  a  faster  recovery  is  observed 
for  larger  spot  diameters  but  similar  power  densities  (about  30  pJ/cm2).  This  is  expected  since 
the  amplification  of  guided  luminescence  increases  rapidly  with  the  spot  diameter  d.  The 
temperature  variation  of  the  intrinsic  gain  coefficient,  estimated  from  the  recovery  time  data, 
is  particularly  strong  around  140  K.  This  is  attributed  to  the  excitonic  effects  which  cause  a 
large  gain  enhancement  due  to  stronger  electron-hole  (e-h)  correlations  at  low  temperatures 
I- 4,5 1 . 

As  a  result  it  is  relatively  easy  to  achieve  a  substantial  gain  in  such  samples,  even  at 
modest  e-h  pair  density.  Such  a  large  gain,  which  leads  to  lifetime  self-shortening  in  the  case 
of  a  large  excited  region,  can  be  maintained  for  a  longer  time  if  the  excited  region  has  smaller 
dimensions.  Thus  it  is  possible  to  control  the  carrier  lifetime  by  an  additional  beam  at  an 
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Fig.  1 :  Schematic?  of  the  three-pulse 
experiment 


appropriate  wavelength  within  the  gain  spectral  region  of  the  material.  In  order  to 
demonstrate  such  an  external  control  of  the  absorption  recovery,  a  three-pulse  experiment 
was  performed,  as  schematized  on  Fig.l.  This  experiment  involves  essentially  two  control 
pulses,  called  pump  1  for  switch-on  and  pump  2  for  switch-off  respectively,  while  a  third  test 
pulse  is  used  to  read  the  transmission  state  of  the  MQW  optical  gate.  These  pulses  are 
spectrally  selected  portions  of  a  white  light  continuum  generated  by  a  high  intensity,  100  fs 
pulse  at  620  nm. 

The  sample  consists  of  60  GaAs  wells  of  15k  width  separated  by  AljGa,As  barriers  of 
85A,  sandwiched  between  two  At,Ga,As  layers  of  1  pm  thickness.  The  switch-on  pulse  was 
focused  on  a  spot  size  of  approximately  100  pm  diameter,  and  its  energy  was  in  the  10  nj 
range  in  the  wavelength  interval  715-810  nm.  The  sample  temperature  was  adjusted  to  210  K 
to  avoid  the  lifetime  self-shortening  observed  at  lower  temperatures.  A  substantial  amount  of 
absorption  saturation  then  persists  in  the  interband  transition  region  for  a  time  duration  longer 
than  100  ps.  The  switch-off  light  is  the  guided  amplified  luminescence  produced  by  the  pump 
2  pulse.  This  pulse  is  of  similar  power  density  as  pump  1,  but  is  spatially  separated  from  it, 
and  extends  over  a  larger  diameter  (about  1  mm)  and  spectral  width  (645-810  nm).  A  strong 
stimulated  emission  results  from  the  relatively  large  size  of  photoexcited  region  2,  and  the 
guided  amplified  luminescence  can  reach  the  photoexcited  region  1,  producing  a  sudden 
decrease  of  carrier  density.  The  experimental  data  of  Fig.  2  show  that  recombination  in  region 
1  can  effectively  be  controlled  by  the  stimulated  light  produced  in  region  2.  The  switching 
contrast  achieved  here  is  about  a  factor  of  2.  It  could  be  increased  by  reducing  the  size  of 
region  1,  which  would  maintain  a  higher  stabilized  carrier  density  before  switch-off.  The 
delay  of  about  15  ps  between  pump  2  and  the  actual  switch-off  is  partly  due  to  the  dynamics 
of  stimulated  emission  in  region  2,  and  partly  to  the  light  propagation  time  along  the  MQW. 
Finally  we  note  that  a  careful  waveguiding  design  should  significantly  reduce  the  power 
requirements. 

In  summary  we  have  demonstrated  that  the  recovery  time  of  optical  gates  based  on 
absorption  saturation  can  be  speeded  up  through  the  use  of  stimulated  emission.  The  large 
gain  achieved  in  multiple  quantum  wells  at  moderate  excitation  densities  allows  a  controlled 
enhancement  of  the  carrier  recombination  rate  and  provides  a  practical  means  to  quickly 
remove  the  stored  energy  out  of  the  device  material.  This  principle  can  be  extended  to 
controlling  the  switch-off  of  other  optical  gates  and  bistable  (nonlinear  Fabry-Perot)  devices 
based  upon  earner-induced  nonlinear  refraction. 
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Fig.  2:  External  control  of  absorption  saturation  in  the  optical  gate.  Full  curve:  pump  1  only. 
Dashed  curve:  pump  2  arrives  20  ps  after  pump  1.  The  test  pulse,  at  790  nm.  is  in  the 
absorption  region  just  above  the  MQW  light-hole  exciton  energy.  The  sample  temperature  is 
210  K 


References 

1.  D.  Hulin,  A.  Mysyrovicz.  A.  Antonetti,  A.  Migus.  VV.T.  Masselink.  H.  Morkoc  ll.M. 
Gibbs  and  N.  Peyghambarian.  Appl.  Phvs.  Lett.  49.  749  1 19S6). 

2.  J.  Dubard.  J.L.  Oudar,  F.  Alexandre.  D.  Hulin  and  A.  Orszag.  Appl.  Phys.  Lett.  50.  821 
(1987):  ibid.  50,  1696(1987). 

3.  D.  Hulin.  M.  Joffre,  A.  Migus.  J.L.  Oudar.  J.  Dubard  and  F.  Alexandre.  .1.  de  Phys. 
(Paris).  C5,  267  (1987). 

4.  J.  L.  Oudar  and  J.  A  Levenson,  XVF  Int.  Quantum  Electron.  Conf..  paper  ThB7  (July  88). 

5.  S.  Schmitt-Rink.  C.  Ell  and  H.  Haug.  Phys.  Rev  1333.  I  183  (1986). 


181 
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Recently,  it  has  been  shown  that  a  r.  InGa.is  /  I  nA  lAs  resonant, 
tunneling  barrier  (RTB)  diode  lattice  matched  to  an  InP 
substrate  has  letter  static  characteristics  [1]  than 
conventional  GaA«  AlGaAs  RTB  diodes.  This  is  essentially  because 
the  In  A 1  As  barrier  layer  is  a  direct-gap  semiconductor  and  has  a 
lower  electron  effective  .  t  s  s  that,  the  AlGaAs  b  a  r  i  i  e  r  layer. 
This  paper  ies  ribes  the  first  dynamic  characterization  to  our 
knowledge  of  t  i e  I  n  G  a  A  s / I n  A 1  A  s  RTB  diode  using  the  electro-optic 
sampling  ( E  0  j 1  technique  [ 2 ] . 

When  ,i  load  resistance  is  placed  in  series  with  a  RTB  diode, 
the  circuit  has  two  stable  conditions.  This  bistability  lends 
the  RTB  to  memory  device  applications.  The  important  question  is 
how  fas’  the  RTB  can  switch  from  one  stable  point  to  L'ne  other. 
We  studied  the  switching  time  using  EOS.  EOS  was  already  applied 
to  a  G  a  A s / A 1 A  s  RTB  diode  by  G.  Mourou  et  d,[3],  who  showed  that 
a  RTB  diode  can  respond  in  the  picosecond  region,  close  to  EOS 
time  resolution.  Here,  we  used  RTB  structures  with  switching 
times  that  are  supposed  Co  be  much  longer  than  the  time 
resolution  y  o  enable  signal  analysis.  The  simple  equivalent 
circuit  model  analysis  was  performed  to  separate  the  intrinsic- 
response  time  of  the  ;\TB  diode  from  the  o b :  e r v e d  signal. 

The  electro-optic  sampling  head  consisted  of  a 
photoconduct ive  switch,  the  InGaAs/TnAlAs  RTB  diode,  and  20 
micron  co  planar  transmission  lines.  These  were  in  o  n  o  1  i  t  h  i  c  ally- 
formed  on  a  semi-in  nutating  (100)  f  n  P  substrate.  A  LiTa0-j 
crystal,  coated  with  a  highly  reflective  dielectric  mirror,  is 
pasted  on  the  co planar  lines  to  detect  electric  field  changes 
near  the  copra nar  lines.  Optical  pulses  of  150  fs  duration, 
generated  by  a  colliding  pulse  in  ode-locked  laser,  were  ..  sed  to 
excite  the  photoconduct ive  switch  and  detect  the  electrical 
signal. 

Two  different  RTB  structures  were  studied.  One  with  two  5.1 
nm  lnAlAs  barriers  and  a  4 . 4  urn  I  n  G  a  A  s  quantum  well  (7  X  7 
pn-'J,  and  the  other  with  two  h .  5  n  m  barriers  and  a  4.4  n  m 
quantum  well  (10  X  10  pm1-).  Eig.l  shiws  the  1  -  V  characteristics 
of  the  RTB  diode  with  the  5.3  rim  InAlAs  barrier  ’  ivers.  During 
these  measurements,  the  DC  bias  was  kept  just  outside  the 
negative  differential  resistance  (NDR)  region.  When  a  sep-like 
electrical  pulse  (typical  rise  time:  1.9  ps)  produced  by  the 
photoconduct ive  sw it'll  was  applied  to  the  RTB  diode,  the  diode 
was  switched  into  the  middle  of  the  NDR  region.  Fig. 2  shows  the 
electro-optic  sampling  signal  corresponding  to  the  current  drop 
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Fig.l  I-V  characteristics 
of  the  RTB  diode 


Fig. 2  Response  signal  of  the  RTB 
diode  with  5.3  nm  barriers 


tti rough  the  RTB  diode  during  switching.  A  current  drop  with  a 
fall  time  of  50  ps  was  observed.  A  fall  rime  of  210  ps  was 
observed  for  the  RTB  diode  with  the  6.5  nm  barriers. 

The  observed  switching  time  is  strongly  affected  by  a  1  0  a  d 
resistance.  To  separate  the  extrinsic  effect  due  to  the  load 
resistance  from  the  observed  switching  time,  we  simulated  the 
switching  behavior  using  the  simplest  equivalent  circuit  model 
of  the  RTB  diode,  rig. 2  includes  the  RTB  diode  model,  which 
consists  of  the  negative  differential  resistance,  R,  in  parallel 
with  a  capacitance,  C,  and  a  series  resistance,  Rs.  For  this 
model,  the  observed  switching  time,  Tobs,  is  approximated  by 

1/  Tobs  =  1 /  |  RC  |  -  l/(2Z  +  Rs)C.  (I) 

Here,  the  intrinsic  response  time,  | RC | ,  is  the  minimum  response 
time  realized  in  the  high-inpedance  ' oad  limit.  The  series 
resistance,  Rs=15.5  ohms,  was  obtained  from  t  -  V  characteristics 
of  the  control  diode,  which  has  the  same  structure  as  the  RTB 
diode  except  that  RTB  section  is  replaced  by  an  n-InGaAs  layer. 
The  capacitance,  C  =  0.2  pF  (7  X  7  in2),  and  C  =  0.4  pF  (10  X  10 
umz)  was  calculated  in  consideration  of  the  charge  distribution 
in  and  around  the  RTB.  The  characteristic  impedance,  Z,  of  the 
coplanar  lines  was  designed  to  be  46  ohms.  The  I-V 
characteristics  of  the  RTB  diode  were  simplified  as  the  middle 
of  the  NDR  region  was  infinite.  The  negative  resistance,  R, 
between  the  cjrrent  peak  and  the  middle  of  the  NDR  region  was 
used  as  a  fitting  parameter.  The  dashed  curves  in  Fig. 2  were 
obtained  with  negative  differential  resistance,  R,  of  -50  ohms 
for  the  RTB  diode  with  the  5.3  nm  barriers.  A  similar  analysis 
applied  to  the  diode  with  the  6.5  nm  barriers  gave  a  negative 
differential  resistance  of  -170  ohms. 

The  intrinsic  response  time,  |RC|,  obtained  in  this  way  for 
the  5.3  nm  barrier  diode  and  the  6.5  nm  barrier  diode  were  10  ps 
and  68  ps,  respectively.  No'e  that,  for  both  cases,  the 
intrinsic  response  times  are  considerably  shorter  than  the 
observed  response  times  of  50  ps  and  210  ps.  Fig.l  shows  the 
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relation  between  the  response  time  and  the  state  life  time,  T (= 
h/AEpyjjj^,  where  AEfuhm  is  the  full  energy  width  at  half  maximum 
of  tunneling  probaoility).  The  intrinsic  response  times  are 
close  to  the  calculated  state  life  times  of  7  ps  and  43  ps. 
Generally,  the  intrinsic  response  time  seems  to  be  close  to  the 
state  life  time  for  the  symmetric  RTB  diode.  Therefore  we  can 
assume  that  the  intrinsic  response  time  of  the  RTB  diode  can  be 
reduced  to  less  than  1  ps  with  a  reduced  barrier  thickness  of  4 
nm. 


In  summary,  the  switching  of  I nGa A s / I n A  1  A s  RTB  diodes  was 
observed  by  electro-optic  sampling  for  the  first  time  to  our 
knowledge.  The  intrinsic  response  time  of  the  RTB  diode  was 
obtained  by  using  a  simple  equivalent  circuit  analysis.  The 
intrinsic  response  time  is  found  to  be  approximately  equal  to 
the  state  life  time. 
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Since  the  introduction  by  TSU  and  ESAKI  [1]  of  the  notion  of  tunneling  in  a  finite 
superlattice,  the  study  of  transport  in  single-  and  double-barrier  heterostructures  has  raised 
considerable  interest.  We  have  used  two  different  methods  to  make  measurements  on 
tunneling  devices  in  order  to  demonstrate  bistable  operation  and  to  provide  insight  concerning 
tunneling  mechanisms.  Using  the  electro-optic  sampling  technique,  a  switching  time  of  1.9  ps 
has  been  resolved  for  a  resonant  tunneling  diode  (RTD)  operating  in  its  bistable  mode.  In 
addition,  time-resolved  photoluminescence  (PL)  has  been  used  to  determine  the  field 
dependance  of  the  tunneling  rate  of  several  single-barrier  heterostructures. 

The  RTD  used  in  the  switching  time  measurements  was  grown  by  molecular  beam  epitaxy 
to  have  two  barriers  of  1.5-nm-thick  AlAs  separated  by  a  GaAs  well  4.5-nm  thick.  The  outer 
regions  of  GaAs  contained  Si  doping  to  an  electron  density  2  x  1017  cm-3.  This  resulted  in  a 
peak  current  density  of  about  4x  l(r  A/cm2.  The  RTD  was  etched  to  a  4-pm  diameter  mesa 
on  an  n+-GaAs  substrate,  and  the  capacitance  near  the  current  peak  was  -20  fF.  The  series 
resistance  was  15  O  [2], 

A  schematic  diagram  of  the  circuit  used  to  test  the  time  response  of  the  RTD  is  shown  in 
Fig.  1.  Coplanar  electrodes  of  gold  were  patterned  on  a  GaAs  photoconductive  switch  and 
lithium  tantalate  sampling  crystal.  The  RTD  substrate  was  mounted  so  that  the  mesa  faced  the 
switching  element  as  shown;  a  small  wire,  etched  to  a  1-pm  diameter  at  its  tip,  was  used  to 
make  contact  to  the  mesa.  Synchronized  optical  pulses  from  a  dye  laser  of  about  80-fs 
duration  were  used  to  activate  the  photoconductive  switch  at  the  input  to  the  device  and  to 
measure  the  change  in  index  of  refraction  of  the  electro-optic  sampling  crystal  induced  by  the 
electric  fields  at  the  output  of  the  device.  When  the  switch  was  closed,  additional  current 


excitation 


Schematic  diagram 
of  test  geometry 
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flowed  through  the  RTD,  a  potential  difference  developed  across  the  diode,  and  its  operating 
point  changed.  Since  the  RTD  has  an  I-V  characteristic  dominated  by  a  negative  differential 
resistance,  an  increase  in  voltage  can  lead  to  a  decrease  in  current.  (For  additional  details,  see 
[3].)  Due  to  the  speed  with  which  electrons  may  tunnel  through  this  double-barrier  structure, 
the  switching  time  may  also  be  very  brief.  The  rise  time  of  this  switching  has  been 
experimentally  resolved  as  1.9  ps  (Fig.  2). 

We  have  also  applied  the  technique  of  time-resolved  photoluminescence  (PL)  to  study  the 
time  dependence  of  tunneling.  This  technique  has  been  used  by  TSUCH1YA  et  al.  |4|,  to 
study  the  tunneling  escape  rate  of  electrons  from  a  quantum  well  (QW)  in  a  double-barrier 
structure  versus  the  barrier  width.  In  this  study,  we  have  been  particularly  interested  in  the 
dependence  of  the  tunneling  escape  rate  through  a  single  barrier  on  an  applied  perpendicular 
electric  field. 

The  structure  of  the  samples  under  study  was  a  single  30  A  GaAs  QW,  bounded  on  one 
side  by  a  thick  (0.2  pm)  AlxGa,.xAs  barrier,  and  on  the  other  side  by  a  thin  AlxGa|.xAs 
barrier  and  0.2-pm  thick  GaAs  region.  This  undoped  structure  is  situated  in  the  intrinsic 
region  of  a  p-i-n  diode.  The  diode  mesa  diameter  is  600  pm,  and  ohmic  contacts  were  made 
on  both  n+  buffer  and  p+  cap,  except  a  200-pm  dia  hole  in  the  cap  was  left  for  optical  access. 
The  diodes  were  operated  in  reverse  bias  and  were  held  in  a  cryostat  at  a  temperature  of  about 
6  K.  The  electric  field  in  the  QW  region  was  estimated  from  C-V  measurements.  Optical 
excitation  was  provided  by  a  synchronously  pumped  dye  laser,  which  was  tuned  so  that  only 
electron-heavy  hole  pairs  were  generated.  The  PL  was  imaged  through  a  grating 
monochromator  onto  the  entrance  slit  of  a  synchroscan  streak  camera.  The  time-resolved  PL 
data  is  shown  fcr  three  samples  with  Al  cone,  x  =  0.3  and  barrier  width  b  =  85.  Ill,  and 
121  A  as  a  function  of  applied  field  in  Fig.  3. 

The  field  dependence  of  the  tunneling  follows  a  simple  semiclassical  model.  The 
tunneling  time  of  a  bound  electron  through  a  barrier  may  be  expressed  as 


b 


zT  =  c  exp 


2m  (V-E-Fz)  dz 


). 


(1) 


where  b  is  the  barrier  thickness,  F  the  applied  field,  and  c  a  constant  determining  the  tunneling 
time  at  zero  field.  The  calculated  tunneling  time  is  shown  as  the  solid  lines  in  Fig.  3;  this 
simple  model  evidently  properly  displays  the  field  dependence  of  the  tunneling  rate. 
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This  measurement,  along  with  that  of  the  switching  time  of  a  double-barrier  diode, 
contributes  necessary  information  to  the  understanding  of  the  transport  mechanism  in 
heterostructures.  The  switching-time  measurement  also  demonstrates  that  appropriately 
designed  devices  may  be  useful  in  electronic,  high-speed  logic  applications  of  the  future. 
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Electro-Optic  Sampling  of  a  Flip-Chip 
with  a  Distributed  Feedback  Laser  Diode 

K.  Joshin,  K.  Kamite,  T.  Mimura,  and  M.  Abe 

Fujitsu  Laboratories,  Ltd.,  Atsugi,  10-1  Morinosato  Wakamiya, 
Atsugi  243-01,  Japan 


1.  Introduction 

High-speed  semiconductor  device  technology  is  progressing 
rapidly,  especially  with  respect  to  compound  semiconductor 
devices  such  as  HEMTs.  The  signal  delays  of  these  devices  have 
reached  less  than  ten  picoseconds  in  a  single  gate,  and  are  in 
the  s u b - n a n o s e c o n d  range  at  the  LSI  circuit  level.  As  device 
switching  speeds  increase,  signal  delays  within  bonding  wires 
and  packages  become  more  important  to  reduce  the  total  device 
delay.  The  flip-chip  technique  is  one  possible  way  to  eliminate 
these  excess  delays.  However,  it  is  difficult  for  conventional 
coaxial  probes  and  electron  beam  probes  to  make  contact  with 
flip-chips  and  to  measure  fast  switching  speeds.  We  used  the 
E/0  sampling  technique  with  a  distributed  feedback  laser  diode 
to  measure  the  signal  delay  of  metal  lines  on  a  GaAs  flip-chip. 

2.  Measurement  setup 

The  E/0  sampling  procedure  used  was  almost  the  same  as  that 
described  in  reference  /!/.  We  used  an  InGaAsP  DFB  laser  diode 
with  a  1.3  pm  wavelength  radiation,  which  was  gain-switched  and 
driven  through  a  comb  generator.  The  optical  pulse  width  was 
between  20  and  25  ps.  The  reflected  light  from  a  GaAs  chip  was 
received  by  an  InGaAs  pin  photodiode  through  one-half  and  one- 
quarter  wave  plates  and  a  polarizing  beam  splitter.  The  sampled 
waveforms  were  displayed  on  an  oscilloscope  triggered  by  a 
mixer  at  a  rate  of  offset  frequency  between  the  laser  drive 
frequency  and  the  input  frequency  to  a  GaAs  chip. 

3.  Results 

Figure  1(a)  shows  a  GaAs  flip-chip  patterned  with  metal  lines 
and  mounted  on  a  printed  circuit  board.  The  metal  lines  on  the 
chip  and  the  board  were  connected  through  200  pm-diameter  and 
70  pm-thick  metal  bumps.  Sinusoidal  signals  traveled 
alternately  along  the  lines  on  the  chip  and  the  printed  circuit 
board.  The  chip  was  10  mm  square.  Figure  1(b)  shows  the  sampled 
waveforms  at  distances  of  0,  3,  7,  and  11  mm  from  an  input  port 
of  the  chip.  The  input  signal  frequency  was  990  MHz  and  the 
offset  frequency  was  20  KHz.  The  delay  was  estimated  to  be  32 
ps/mm,  a  value  greater  than  the  GaAs  stripline  delay.  This 
seems  to  be  due  to  parasitic  capacitance  and  inductance  of  the 
bump  contacts. 
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Metal 
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Metal 
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Fig.  1  (a)  Cross  section 
printed  circuit  board,  (b) 
in  the  flip-chip.  Waveforms 
at  distances  of  3,  7,  and 
chip. 


of  a  GaAs  flip-chip  mounted  on  a 
Delay  of  990  MHz  sinusoidal  signal 
were  sampled  at  the  input  (top)  and 
11  mm  from  the  input  port  of  the 


To  check  the  accuracy  of  our  measurement  system,  we  measured 
the  delay  of  a  1  pm  gate-length  HEMT  inverter  chain  by  backside 
probing  to  80  pm  square  pads.  Figure  2  shows  the  logic  diagram 
and  the  signal  waveforms  at  output  ports  A  and  B,  which  were 
separated  by  32  inverters.  The  input  and  offset  frequency  were 
the  same  as  above.  We  compared  the  delays  estimated  by  the  E/0 
sampling  of  this  inverter  sequence  and  by  the  electric 
frequency  measurement  of  a  ring-oscillator  on  the  same  wafer. 
The  delay  of  a  HEMT  inverter  was  54  ps  in  the  former  and  53  ps 
in  the  r i n g -o s c i 1 1  a t o r.  The  agreement  between  the  E/0  sampling 
and  the  electric  measurement  was  quite  satisfactory. 

To  check  the  harmonic  mixing  capability  of  our  E/0  sampling 
system,  we  also  measured  two  f req u e n c y- d i f f e re n t  signals  in  a 
frequency  divider.  The  frequency  divider  was  made  of  a  HEMT 
flip-flop  by  connecting  the  Q  port  with  the  D  port  in  Fig. 
3(a).  The  flip-flop  was  driven  by  0.8  V  peak-to-peak  sinusoidal 
signals  at  a  rate  of  2  GHz  +  10  KHz.  The  laser  diode  drive 
frequency  was  1  GHz.  The  oscilloscope  was  triggered  at  a  rate 


I - 1 

( a )  ( b )  390  ps 

Fig.  2  (a)  HEMT  inverter  chain  circuit  diagram,  (b)  Sampled 

waveforms  observed  at  the  input  (top)  and  at  outputs  A  (middle) 
and  B  (bottom) 
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Fig.  3  (a)  HEMT  flip-chip  circuit 
waveforms  observed  at  the  CLK  input 
(middle)  and  Q  (bottom) 


diagram, 
(top)  and 


(b)  Sampled 
at  outputs  0 


of  5  KHz  by  another  phase-locked  synthesizer  instead  of  the 
mixer.  Input  and  1/2  fr_equency-divided  signals  could  be  sampled 
at  the  CLK  input  pad,  Q  and  Q  output  pads  and  are  shown  in  Fig. 
3(b).  In  our  system,  the  harmonic  sampling  capability  extends 
to  the  10  GHz  frequency  range  for  0.8  V  peak-to-peak  sinusoidal 
signals  on  a  GaAs  stripline. 


4.  Summary 

We  measured  the  signal  delay  of  a  GaAs  flip-chip,  a  HEMT 
inverter  chain,  and  a  HEMT  flip-flop  and  demonstrated  the 
effectiveness  of  E/0  sampling  with  a  DFB  laser  diode  for  these 
devices. 
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A  New  Scheme  of  Resolution  Improved  Electrooptic  Sampling 

T.  Kamiya,  R.  Takahashi,  H.  Kamiyama,  H.F.  Liu,  and  1.  Tanaka 

Department  of  Electronic  Engineering,  University  of  Tokyo, 

7-3-1,  Bunkyo-ku,  Hongo,  Tokyo  113,  Japan 


1.  Introduction 

Based  on  the  pioneering  works,  wider  application  of  electrooptic  sampling 
in  high  speed  electronics  is  anticipated.  Usually  a  mode-locked  YAG  laser 
or  a  dye  laser  has  been  employed  as  the  pulse  source.  Because  of  their 
large  physical  dimension,  high  power  consumption,  and  lack  of  long  term 
stability,  replacement  with  semiconductor  lasers  would  be  particularly 
advantageous  for  industrial  applications  if  both  power  and  resolution 
requirements  are  met  by  the  latter:  Optically  sampled  oscilloscopes  with 

desk-top  size  would  then  be  realized.  One  problem  encountered  m  using 
semiconductor  lasers  may  be  the  limitation  in  time  resolution  because  only 
somewhat  wider  pulse  width  is  available. 

We  propose  here  a  new  scheme  of  resolution  improved  sampling,  by  intro¬ 
ducing  a  kind  of  deconvolution  procedure  to  the  acquired  convolution  data. 
With  iterated  deconvolution  procedures,  it  is  predicted  that  tine  resolu¬ 
tion  much  smaller  tnan  the  probe  pulse  width  itself  should  be  achieved. 

2.  Principle  of  Resolution  Improved  Sampling 

Let  an  unknown  waveform  be  denoted  by  h(t),  probe  pulse  waveform  by  g(t), 
then  the  sampled  data  at  delay  time  t  is  given  by  the  convolution  integral 

f  (T  )  =  /°°h(  t)g(t  '  t)dtE  /a’h(x)g(xJ  -  xldx  (1) 

—  oo  ao  q 

where  x  E  2  /  2  log  2  t/t  is  the  normalized  time  variable,  with  t  as  FWHM 
o  o 

value  of  probe  pulse.  The  resolution  of  the  data  is  restricted  by  the 
pulse  width  t^ .  To  restore  the  original  waveform,  the  application  of  de- 
convolution  procedure  should  be  effective:  By  Four ier- transforming  eq.(l), 
we  would  get  the  Fourier  spectrum  of  the  unknown  function  H(uj  )  =  F(oj  ) /G(to ) , 
where  F  and  G  are  the  Fourier  transforms  of  the  convolution  and  the  probe 
pulse,  respectively.  We  have  only  to  perform  inverse  Fourier  transform 
of  H  to  recover  the  original  waveform  in  time  domain.  This  simplest  proce¬ 
dure#  however,  is  interrupted  with  the  addition  of  white  noise  spectrum  to 
F,  because  decay  of  G  at  high  frequency  tail  (corresponding  to  finite  pulse 
width)  would  amplify  the  noise  spectrum  unlimitedly.  Therefore  truncation 
of  Fourier  spectrum  at  certain  cutoff  frequency  and  extrapolation  of 
spectrum  beyond  this  cutoff  frequency  are  necessary.  There  have  been  many 
analysis  procedures  proposed  in  such  fields  as  Fourier  spectroscopy  or 
image  processing,  and  our  problem  is  essentially  a  time  domain  analog  of 
these  spatial  Fourier  transform  procedures. 

General  procedure  can  be  summarized  as  follows:  the  unknown  function 

h(x)  is  to  be  expanded  in  a  functional  space  with  the  set  of  eigenfunctions 

Vx) 

h(x)  1  I C  <t>  (x)  (2) 

n  n  n 
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where  C  is  the  expansion  coefficient  of  h{x).  Then  the  convolution  mte- 
.  .  n 

gral  is 

f(x.)  =  Z  C  f°  <h  (x)g(x  -  x)dx  .  (3) 

d  n  n  -oo  d 

Using  experimentally  obtained  set  of  convolutions  f(x  ,.)  =  y  ,  minimization 
_  dii 

of  mean  square  error 

N  i 

Q  =  .1  fy.  -  f(x,.)}2  QQ/3C  )  =  o  <4) 

i= -N  i  di  k 

is  performed.  From  the  conditions  (3  Q/3C  )  =  0,  we  have  the  simultaneous 
linear  equations  for  C 

n 

<y./°°  d),  (X)g(  X  -x)dx>  =  S.C  <  Sty  (  t )  g(  x  -x )  dx  •  Sty.  (t)g(x,  -x;dx>.  (5) 

i  -oo  k  di  n  n  ^n  di  k  di 

Here  <  ...>  denotes  the  average  over  sampled  points.  Use  of  standard 
Fourier  integral,  namely  choice  of  sinusoidal  functions  as  basis  functions, 
is  not  always  the  most  adequate,  because  of  the  slow  convergence  in  the 
Fourier  expansion  of  step  function.  In  the  next  section,  we  will  show 
that  the  choice  of  Hermite-Gaussian  functions  as  basis  is  suitable  for 
representing  pulse  waveforms  with  internal  structures. 


3.  Formulation  of  Deconvolution  Based  on  Hermite  Gaussian  Expansion 


An  optical  pulse  is  approximated  by  a  Gaussian  function: 
g( x)  =  exp( -x2/2 )  . 


(6) 


We  expand  the  unknown  electrical  waveform  with  a  set  of  Hermite-Gaussian 
functions : 


ty  (x)  =  H  (x/<TT  exp( -x2/2o2  )  ,  o  =  t.  /  t  (7) 

n  n  id 

where  t^  is  the  roughly  estimated  FWHM  of  the  unknown  pulse. 

Then  the  simultaneous  equations  for  expansion  coefficient  for  a  particular 
case  of  0  =  1  yields 

<  y  .  x^  .  tt  ^  4  /  /2  kk  *  exp[  -x  2  /4  ]  > 

1  d  1  d  1 


7Tl/2/ 


n+  k 
Kdi 


exp  [ 


Kdl 


/2  ]> 


(  8  ) 


where  truncation  order  is  determined  by  the  condition  that  the  magnitude 
of  the  integral  of  the  left  hand  side  computed  by  using  experimental  data 
becomes  equal  to  noise  level  (S/N  =  1). 

To  improve  the  accuracy  further  by  extrapolations,  we  employed  an  iter¬ 
ative  procedure:  Starting  from  the  approximate  unknown  function  expressed 
by  the  truncated  series  expansion  we  compute  the  extrapolated  waveforms 
outside  of  measured  data.  Using  them  together  with  a  set  of  experimental 
data  we  have  a  set  of  matrix  equation  of  eq.(8)  with  a  greater  matrix  dimen¬ 
sion  by  one.  This  procedure  is  repeated  several  times  to  yield  a  converged 
approximate  waveform. 

One  typical  waveform  of  asymmetric  pulse  with  internal  structure  was 
tested : 


h{x)  =  2  cos  2  { 2  7T  (x  +  3/2)  /  3  }  +  cos2{ttx/2} 
+  (  3/5 )  cos  2{2u  (x  -  3/2)  /  3  }, 


(9  ) 
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Fig.  1  Signal  recovery  for  an  asymmetric  pulse  with  internal  structure. 


The  noise  level  of  1%,  as  large  as  the  maximum  amplitude  of  exper itnenr.al 
data,  was  assumed.  The  delay  time  unit  is  assumed  to  be  5?  of  probe  pulse 
width.  A  total  of  401  convolved  data  were  used  for  the  waveform  restoration 
computation.  Figure  1(a)  is  the  comparison  made  between  original  and  con¬ 
volved  waveforms.  Internal  structure  is  totally  smeared  out  by  using  a 
probe  pulse  whose  pulse  width  is  larger  than  the  internal  structure  of 
the  measured  pulse.  Fig.  snows  the  restored  waveform  m  comparison 

with  the  original  one,  where  the  .expansion  coefficients  up  to  14th  order 
was  calculated.  Without  extrapolation  procedure  we  have  succeeded  in  re¬ 
covering  the  internal  structure  although  some  quantitative  difference  is 
remaining.  Figure  1(c)  is  the  restored  signal  by  the  iterative  calculation 
starting  from  6th  order  up  to  14th  order.  Quantitative  agreement  is  sat¬ 
isfactory  . 

4.  Conclusion 

In  conclusion,  it  was  proposed  that  by  a  kind  of  deconvolution  procedure, 
the  electro-optic  sampling  measurement  should  gain  higher  tine  resolution. 
Specif ical ly,  even  with  the  presence  of  1%  noise  level  to  the  convolved  data 
points,  improvement  of  nearly  one  order  better  than  the  probing  pulse  width 
is  expected  as  far  as  the  pulse  shape  can  be  approximated  by  Gaussian  func¬ 
tion.  Therefore,  for  the  purpose  of  increasing  resolution,  precise  control 
of  pulse  waveform  and  3  itter  reduction  are  as  effective  as  shortening  of 
pulst;  width. 
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Metal-Semiconductor-Metal  Photodiode 
on  GalnAs  Exhibiting  Very  Fast  Response 

O.  Wada,  H.  Nobuhara,  H.  Hamaguchi,  T.  Mikawa,  A.  Tackeuchi,  and  T.  Fujii 

Fujitsu  Laboratories,  Ltd.,  10-1,  Morinosato-Wakamiya, 

Atsugi,  243-01,  Japan 


1  .  Introduct  ior. 

Metal-semiconductor-metal (MSM)  photodiodes(PDs)  formed  on  GaAs  [',  2}  have 
so  far  exhibited  marked  advantages  of  simple,  lateral  structure  and  excellent 
performance  including  ultra  fast  response  speed  [31  for  short-wavelength  SC. 
,um)  applications.  On  the  other  hand,  the  fabrication  of  MSM-PDc  or.  Galr.As  ft 
the  application  in  the  long-wavelength  region  (1.3  pm-1.55  pm1  has  beer, 
retarded  by  excessive  dark  current  caused  by  low  Gcbottky  barrier  height.  -  . 
eV)  in  the  metal-Galr.As ■' XnP:  system.  We  describe  in  this  paper  t,h»  firs* 
fabrication  of  a  MSM-PD  on  GalnAs.  in  which  a  large  barrier  height  is  realize 
by  a  new  structure  consisting  of  a  large-bar.  igap  AlTnAs  layer  followed  by  an 
AlInAs/GalnAs  graded  superlattice.  This  M.GM-PT  has  exhibited  lev  dark  curren 
low  capacitance  characteristics,  and  th»  speed  aeasuremer*.  carried  e;*  by 
electro-optic  sanding  technioae  has  ienonr'.ra"  ed  its  ve ry  fas"  r-'sp-ns^  with 
a  FWHM  of  14.7  ps'. 

2 .  Ciode  Structure  and  Fabrlraticr. 

The  structure  of  the  present  GalnAs  MGY.-rD  is  shown  ir.  Fig.  ".  The  water 
used  is  a  nominally  unhoped  epitaxial  wafer  grown  ry  pulsed  mole rui ar-bean 
epitaxy  [4  J  on  a  serni-insuiat  ir.g  Ini'  suK--*rate.  The  GalnAs  phot -ar.-.crp- i  or. 
layer  was  1.5  um.  To  re  hr'-  the  dark  current,  an  m  doped  AilnAs  barrier 
height  enhancement  layer  (73  r, thick  war  -m  r  I  ■  y  ■  j  .  Also,  to  minimise  tr.e 
effect  of  carrier  trapning  wni'cn  may  r.e  -a u,-.  ;  ry  a  large  band  disc  on*  ir.ui  *y 
at  the  AlInAs/GalnAs  int»r:'a  a  graded  -aperlsttice  ; 2CT  nm  thick  was 
incorporated  tetw^'-n  the-  AI.'nAs  and  GalnAs  layers.  This  super  la* t ire  was 
composed  of  pairs  of  ultra  '.-.in  ;ar.e  '  nine  atomic  layers'  .AlIr.Ar  and  GalnAs 
layers  where  the  widt.o  ratio  varies  s-  that  the  effective  bar.dgap  is  grad-'i 
linearly  in  depth  as  shown  by  dotted  liner  ir.  Fig.  t .  The  same  stru'*ure  was 


Fig.  1  Crosu-soeti e:i  ,  f 

GalnAs  MSM-PD. 
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used  at  the  bottom  interface  for  preventing  generation  of  two-dimensional 
carrier  gas  there.  A1  contacts  had  interdigitated  patterns  (1.1  um  line  and 
1.4  um  space,  approximately  20  um  x  20  pm  area).  Shallow  mese  was  formed  at 
the  periphery  of  contacts  for  homogenizing  the  field  in  the  GalnAs  layer.  Ine 
photosensitive  area  was  coated  by  a  SiN  autireflection  film. 

3.  Diode  characteristics 


The  dark  current  was  “ound  to  be  dependent  steeply  on  the  bias  voltage 
but  it  was  still  below  3  pA  at  20  V  and  as  low  as  100  nA  at  10  V.  This  has 
confirmed  the  effect  of  barrier  height  enhancement,  by  the  introduction  of  an 
AilnAs  layer.  The  capacitance  was  found  to  decrease  as  the  Dias  voltage 
increases  and  then  saturate  at  approximately  4J  fF  above  5  'V.  -ince  the 
observed  capacitance  included  an  appreciable  fraction  of  stray  component 
caused  by  the  contact  structure  for  signal  extraction,  the  intrinsic  capaci¬ 
tance  of  the  MSM-PD  f  1 )  is  expected  to  be  much  lower  than  this.  Pnotocurrer.t 
characteristic  was  measured  using  a  1.3  pc.  wavelength  CW  laser.  The  sensi¬ 
tivity  steeply  increased  in  the  bias  voltage  region  where  the  GalnAs  layer  is 
depleted  and  then  became  more  insensitive  to  the  voltage  beyond  2  V.  The 
quantum  efficiency  determined  at  10  V  is  typically  50%  wnich  corresponds  to 
an  internal  quantum  efficiency  more  than  80%  when  contact  shadowing  is  taken 
into  account. 

Response  speed  characterization  was  performed  using  standard  eleciro-cptic 
sampling  technique  [  5 )  with  a  CPM  dye  laser  pulse  ( =  620  nm,  100  Mpps) 
havin’  a  FWKM  of  2o0  fs.  Device  mounting  and  sampling  setup  used  are  illus¬ 
trated  in  Fig.  2.  The  result  obtained  at  the  bias  voltage  of  10  V  is  shown 
in  Fir.  ?.  The  response  speed  is  very  fast;  the  rise  time  and  FWHK  are 
determined  to  be  3.5  ps  and  14.7  ps,  respectively.  The  weak  ringing  ir.  the 
tail  is  presumed  to  be  jue  to  mismatch  caused  by  the  bonding  wire.  The  pu-;e 
width  was  f-'ur.d  to  be  ir.d“penden*  of  the  bias  voltage (2. 5  V  tc  20  V)  and  the 
excitation  power; 19 '  uW  tc  HX'  uW  average)  variations,  suggesting  that  there 
are  r.o  speed-limiting  eff«  associated  with  the  grade d-superlattice  struc¬ 
ture.  Th°  observed  FtfKM  is  ‘or.siatent  with,  the  carrier  transit  rise  ir.  this 
iicie  um  gap).  This  corresponds  to  a  b'tdwidt.r.  of  2-  1H:  and  '  s ,  "o  the 

best  of  cur  kr.owleige,  the  fastest  speed  ever  reported  for  lateral  structure 
photodiodes  or.  TalrAc. 

Excitation  beam 


Detector  | _ | 

Fig.  Setup  of  electro-optic  sampling  measurement  . 
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Time  (ps) 

Fig.  3  Temporal  response  of  MSM-FD  measured  by  electro-op*;-’  sampling 
technique  at  the  bias  voltage  of  10  V. 


i .  Conclusion 

A  lateral  structure  AHr.As/GalnAs  MSM-PD  has  beer,  fabricated.  This  photo¬ 
diode  has  exhibited  lew  dark  current,  low  capacitance  and  very  fast  response 
characteristics,  and  will  be  significant  for  the  application  to  r.ot  only 
discrete  photodetectors  but  also  optoelectronic  integrated  receivers  for 
optical  communication,  signal  processing  and  measurement  at  ultra  high  speed. 
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A  short  and  narrow  gate  CaAs/AlGaAs  HEMT  was  tested  as  a  picosecond 
photodetector .  Its  pholoresponse  was  measured  by  the  autocorrelation 
technique  and  found  to  be  as  fast  as  IB  ps  FWHM.  At  a  low  tempera  fur** 
of  12b  K,  the  response  speed  was  improved  to  13  ps.  This  unproven* -nt  j.- 
cons idered  to  be  evidence  for  the  effective*  contribution  of  Uu*  2- 
dimerisiona  1  electron  gas  to  the  high-speed  response  of  this  phot  ode  tec  tor  • 


Introduct ion 


Since  the  advent  of  the  HEMT  (high  electron  mobility  transistor) 
structure  in  GaAs  MESFET  (metal-semiconductor  field  effect  transistor) 
devices,  its  application  to  a  high-speed  photodetector  has  been  attempted 
by  several  authorsil-31  with  the  expectation  of  possible  utilization  of  a 
2-dimensional  high-mobil i ty  channel  (so-called  2-D  electron  gas)  along  its 
included  hetero-interface.  Chen  et  al.  obtained  an  impulse  response  sp.- ed 
of  21  ps  (FWHM,  full  width  at  hal f-maximum )  with  a  MODFKT  (modulation-doped 
field-effect  transistor,  same  as  HEMT)  of  rather  large  device  dimensions [ 1 ) . 
We  also  reported  an  impulse  response  of  22  ps  (FWHM)  on  a  HEMT!  3 j. 

Meanwhile,  our  invest igation[ 4 )  of  the  influence  of  gatewidth  upon  th«- 
photoresponse  speed  of  GaAs  MESFET' s  indicated  that  gatewidths  more  t hm 
several  tens  of  micrometers  may,  due  to  their  included  distributed 
capacitance  proport iona i  to  the  gatewidth,  mask  other  causes  of  response 
speed  limitation. 

The  actual  contribution  of  the  high  mobility  of  the  2-D  electron  gas  to 
those  high  speed  responses  obtained  by  HEMT  photodetectors  as  mentioned 
above,  besides  the  contribution  from  the  narrow  gatewidth  used  m  those 
experiments,  must  be  checked.  The  most  direct  check  of  this  problem  ;s  th- 
temperature  dependence  of  the  response  speed  of  the  HEMT  phot odet erf or , 
smo*  the  main  factor  for  determining  the  electron  mobility  :s  th-  phonon 
scattering  for  the  2-D  electrons,  while  it  is  the  impurity  sc  .it.  ter  i  rw  lor 
electrons  in  a  bulk  material.  We  report  here*  a  response  speed  improve -nu  te 
of  a  HEMT  photodetector  by  cooling. 

Experimental  Setup 

A  HEMT  photodetector  measured  here  has  a  GaAs-AlGaAs  HEMT  struct  ur* 
(aluminum  content  of  A 1  GaAs  is  0.28),  which  is  the  same  u  that  used  i: 
our  previous  report[2,31  with  a  short  -  length  and  narrow-width  gat-*.  The 
gate-width  and  gate  length  are  10  pm  and  2  pm,  respect  iv<  1  y . 

Autocorrelation  measurement  requires  two  identical  devices  l.u  b>* 
measured.  In  Fig.l,  HKMT^  rind  HEMT->  were  patterned  separated  by  a  sh-  :  * 
distance  on  a  single  common  substrate.  The  cascaded  total  drain  io  is 
voltage  over  two  HEMTs  was  V^^=4  V.  Gates  connected  m  (mm!  •  • .  i  •,%*.**. 
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Test  circuit  configuration 
the  GaAs  HEMT  photodetector. 


biased  with  a  common  bias  supply  of  a  voltage  vqs="2  V  which  was 
sufficiently  deep  to  keep  those  two  HEMTs  in  pinch-off  in  the  dark 
condition.  A  test  optical  pulse  train  was  generated  from  a  synchronously 
Ar- laser-pumped  Rhodamine-6G  dye  mode-locked  laser  ( A=600  nm).  The  optical 
pulsewidth  used  was  around  10  ps.  Optical  pulse  trains  thus  prepared  were 
focused  accurately  on  each  HEMT  over  respective  source-gate-drain  spaces 
through  a  single  20x  microscope  objective  with  the  help  of  a  microscope 
illumination-field  TV  monitor  system! 5]. 

Autocorrelation  Measurement  and  Discussion 


The  average  current  Ic  flowing  through  cascade-connected  HEMT^  and  HEMT 2 
under  the  trained  light  pulse  illumination  is  approximately  proportional  to 
an  autocorrelation  function,  that  is,  Ic(T)a  Jf ( t ) f ( t-T )dt ,  where  T  is 
a  mutual  delay  between  two  light  pulse  trains,  and  f(t)  is  a  response 
current  waveform,  which  is  to  be  measured,  of  each  individual  HEMT 
photodetector. 

The  observed  autocorrelation  plot  (a  Ic ( T ) )  is  shown  in  Fig. 2. 

The  plot  shows  an  excellent  fit  with  a  Gaussian  (broken  curve)  and  its 
correlation  width  (FWHM)  is  read  to  be  25  ps.  Assuming  a  Gaussian 
autocorrelation  function,  the  time  response  f(t)  of  the  measured  HEMT 
photodetector  is  concluded  to  be  25//2~ [6]=  18  ps  (also  in  FWHM). 

The  measurement  described  above  was  done  at  room  temperature  (~20°C). 

To  see  the  temperature  dependence  of  the  device,  the  same  HEMT 
photodetector  was  cooled  down  to  126  K,  where  the  phonon  scattering  effect 
on  the  mobility  is  considered  to  be  considerably  suppressed.  Cooling  was 
attained  by  jetting  cooled  helium  gas  using  liquid  nitrogen  over  the  chip 
of  the  device  through  a  jet  nozzle.  The  cooled  heli  m  gas  served  as  d 
coolant  gas  as  well  as  a  purging  gas  for  air.  The  observed  autocorrelation 
plot  and  its  fitting  curve  are  shown  also  in  Fig. 2.  The  obtained 
autocorrelation  width  (FWHM)  was  19  ps,  and  assuming  a  Gaussian  from  the 
fitting  curve  (solid  curve),  as  in  the  previous  measurement,  the 
photoresponse  of  the  device  is  concluded  to  be  19//F  =  13  ps  (also  FWHM). 

The  observed  improvement  in  the  response  speed  of  the  HEMT  photodetector 
produced  by  cooling  is  considered  to  be  evidence  proving  the  effective 
contribution  of  the  2-D  electron  gas  to  the  high-speed  response  of  this 
device,  since  the  conditions  under  which  these  experiments  were  done  at 
room  temperature  and  at  a  low  temperature  were  unchanged  except  for  the 
temperature.  Also,  the  high  speed  response  of  the  GaAs  HEMT  photodetector 
even  at  room  temperature  can  be  explained  using  a  model  we  proposed 
earlier ( 3, 4  ] ,  called  the  "depletion  region  direct-deformat  ion  mode]"  for 
the  mechanism  of  the  photoresponse  of  MESFETs. 

Although  the  response  speed  of  13  ps  observed  at  a  low  temperature  of 
126  K  is  the  fastest  obtained  heretofore  by  a  GaAs  MESFET  to  our  knowledge, 
the  light  pulses  used  had  a  width  of  around  10  ps,  which  was  not  short 
enough  to  measure  the  response  of  around  10  ps.  The  intrinsic  response 
speed  of  this  GaAs  MESFET  must  be  much  faster. 
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O  Sample  Temp. ;  Room 
•  Sample  Temp.  ;126K 


DELAY  TIME  t  (ps) 


Fig. 2  Obtained  autocorrelation  plot 
of  impulse  responses  of  the  HEMT 
photodetector ( •  and  solid  curve, 

126  K;Oand  broken  curve,  room  temp.) 


Conclusion 

The  response  speed  of  a  short  and  narrow  gate  GaAs/AlGaAs  HEMT 
photodetector  was  measured  by  the  autocorrelation  technique  and  found  to  be 
as  fast  as  18  ps  FWHM  at  room  temperature  and  13  ps  at  a  temperature  of  126 
K.  This  improvement  is  considered  to  be  evidence  indicating  the  effective 
contribution  of  the  2-D  electron  gas  to  the  high-speed  response  of  this 
photodetector.  The  mechanism  of  this  high  speed  response  of  the  HEMT 
photodetector  was  discussed  using  the  model  of  photoresponse  of  MESFETs  we 
proposed  earlier,  and  it  was  pointed  out  that  the  high  electron  mobility  of 
the  2-D  electron  gas  and  the  built-in  field  associated  with  the  hetero¬ 
structure,  which  can  be  designed  and  formed  by  an  adequate  combination  of 
alloy  semiconductor  materials,  play  a  main  role.  The  intrinsic  response 
speed  of  the  HEMT  photodetector  tested  is  believed  to  be  much  faster  but 
could  not  be  measured  because  of  the  rather  broad  light  pulses  used. 

The  authors  wish  to  thank  Dr.  A.  Shibatomi  and  Dr.  K,  Rondo  of  Fujitsu 
Laboratories  for  their  discussions  and  great  help  in  supplying  HEMT  samples 
throughout  this  work. 
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By  studying  the  propagation  of  ultrafast  transients  on  superconducting  transmission  lines  one 
cannot  only  directly  assess  the  practical  limitations  of  such  superconducting  structures,  but 
also  gain  insight  into  the  nature  of  the  energy  gap,  quasiparticle  excitation  effects,  and  other 
loss  mechanisms,  hi  the  new  granular  superconductor  YBa2Cu307  x  (YBCO),  losses  due  to 
flux  flow  and  grain  bour.Jary  effects  are  possible  [1],  Workers  at  IBM  recently  reported 
results  for  aluminum  transmission  lines  over  a  YBCO  groundplane,  showing  no  absorption 
for  pulses  propagating  on  the  normal  aluminum  lines  (2|.  This  paper  reports  on  preliminary 
studies  of  picosecond  electrical  transients  propagated  on  thin-film,  coplanar  transmission  lines 
made  out  of  the  YBCO  material. 

The  cryogenic  measurement  technique  is  electro-optic  based  and  is  a  variation  of  a 
technique  reported  elsewhere  [3].  The  experimental  setup  is  shown  in  Fig.  1(a).  A  GaAs 
photoconductive  switch  provided  the  initial  step  transient  for  the  transmission  line  under 
study.  The  sampling  was  performed  in  a  reflection  mode  using  two  high-reflection  coated 
LiTaOj  crystals  placed  at  either  end  of  the  transmission  line.  The  edge  of  the  crystals  facing 
toward  one  another  defined  the  input  and  output  sampling  points  as  shown  in  Fig.  1(a). 

The  transmission  lines  were  5.4  mm  long  and  consisted  of  two  30-|am  wide  lines 
separated  by  30  pm  in  the  first  sample,  and  15  pm  linewidths  and  spacing  in  the  second 
sample.  A  360  nm  thick  (1.1  pm  in  sample  2)  layer  of  YBCO  was  deposited  by  a  high 
pressure  reactive  evaporation  process  described  in  Ref.  4  on  a  yttria-stabilized  Zr02  substrate. 
The  lines  were  patterned  by  a  standard  photolithographic  process  and  argon  ion  beam  etching. 
The  electrical  properties  of  the  films  used  were  very  similar  to  that  reported  in  Ref.  4.  The 
critical  temperature  for  sample  1  was  60K  and  78K  for  sample  2. 

The  measurements  on  sample  1  started  with  it  immersed  in  superfluid  helium.  For  a  given 
switch  signal,  the  input  and  output  transients  over  a  propagation  distance  of  5  mm  was 
measured.  The  result,  shown  in  Fig.  1(b),  clearly  shows  that  a  YBCO  transmission  line  can 
support  distortion-free  propagation  of  picosecond  electrical  pulses  over  a  substantial 
propagation  distance.  The  signals  had  rf  current  densities  in  excess  of  10s  A/cm-.  The 
limiting  factor  was  the  ability  to  produce  larger  amplitude  input  signals.  Next,  a  current 
density  of  about  4  x  104  A/cm2  was  maintained  as  the  temperature  was  increased.  At  this 
current  density,  the  rise  time  showed  no  degradation  until  a  temperature  of  17—1 8K.  This 
defined  a  critical  temperature  for  distortion-free  propagation  for  that  current  density. 

In  a  subsequent  experiment  (using  sample  2),  the  output  transient  was  measured  as  a 
function  of  temperature  for  a  fixed  input  signal.  As  shown  in  Fig.  2(a).  there  is  substantial 
dispersion  measured.  The  degradation  in  signal  rise  time  is  independent  of  temperature, 
implying  the  losses  are  not  due  to  the  YBCO  film  but  to  other  loss  mechanisms  such  as 
substrate  loss.  For  current  densities  of  approximately  IO4  A/cm2,  degradation  of  the  output 
waveform  did  not  occur  until  temperatures  >65  were  reached.  This  sample  (sample  2)  unlike 
the  first,  was  covered  by  a  residue  which  may  have  contributed  to  the  high  losses  measured  in 
the  experiment.  As  can  be  seen  from  Fig.  2(a),  an  increasing  phase  delay  is  measured  as 
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1(b) 


Time  (ps) 

Fig.  1(a)  Experimental  configuration  of  the  samples;  Kb)  Experimentally  measured 
picosecond  electrical  transient  propagation  on  the  coplanar  YBCO  transmission  line 
(sample  1:  30  pm  lines).  The  deviation  at  the  very  end  of  the  output  transient  is  due  to  a 
reflection  at  the  end  of  the  transmission  line 


temperature  is  increased.  From  the  Mattis-Bardeen  theory,  a  decrease  in  phase  velocity  is 
expected  as  the  temperature  approaches  the  critical  temperature.  The  waveforms  were 
simulated  using  a  previously  reported  numerical  simulation  program,  which  has  been  used 
successfully  to  model  propagation  on  ordinary  superconducting  transmission  lines  [51.  The 
percent  change  in  phase  delay,  as  calculated  relative  to  the  initial  delay  at  a  temperature  of  2K, 
is  plotted  against  temperature  and  is  shown  in  Fig.  2(b).  The  percent  change  was  found  to  be 
very  weakly  dependent  on  the  substrate  parameters  and  very  strongly  dependent  on  the  YBCO 
parameters  [6],  While  different  methods  yield  a  range  of  values  for  the  energy  gap  of  YBCO, 
the  corresponding  gap  frequency  is  so  much  greater  than  the  frequency  content  of  our  signal 
that  there  is  negligible  effect  on  the  simulated  results  due  to  a  variance  in  'he  energy  gap. 
Good  agreement  is  obtained,  however,  there  is  a  slight  underestimation  of  the  delay  in  the 
simulations  at  temperatures  near  Tc.  This  is  likely  due  to  the  effect  of  finite  current  densities 
present  in  the  experiment  not  accounted  for  in  the  simulation. 

In  conclusion,  we  have  demonstrated  the  propagation  of  undistorted  signals  on  thin-filnt 
YBCO  transmission  lines  at  current  densities  in  excess  of  105  A/cm2.  The  results  were 
successfully  simulated  using  Mattis-Bardeen  complex  conductivities.  Substrate  losses  were 
found  to  be  a  limiting  factor  for  the  system  performance  in  the  high-frequency  regime. 


202 


2(a) 


experimental  data 


Fig.  2(a)  Measured  waveforms  from  sample  2.  The  left-hand  waveform  is  the  input 
transient  and  the  sequence  of  waveforms  on  the  right  show  the  transient  response  at  the  output 
sampling  point  as  a  function  of  temperature.  Note  that  the  output  amplitudes  have  been 
normalized  to  the  input  amplitude.  2(b)  Relative  phase  delays  for  the  simulated  (using  Mattis- 
Bardeen  complex  conductivities)  and  measured  waveforms 
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Greater  than  100  GHz  Traveling  Wave  Modulator 

J.  Nees,  S.  Williamson,  and  G.  Mourou 
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250  East  River  Road,  Rochester,  NY  14623,  USA 


A  GaAs  traveling  wave  modulator  with  a  bandwidth  greater  than  100  GHz  has  been 
demonstrated.  The  dramatic  bandwidth  enhancement  is  due  to  the  elimination  of  the  velocity 
mismatch  by  the  addition  of  a  GaAs  superstate  in  contact  with  the  optical  waveguide. 


Signal  processing,  optical  communication,  and  computer  technology  require  a  broadband 
modulator  with  low  operating  power.  The  optical  waveguide,  due  to  the  confinement  of  the 
optical  beam  over  a  long  distance,  makes  optical  modulation  with  long  interaction  length 
possible  [1-6].  The  driving  power  for  a  traveling  wave  modulator,  of  impedence  Z0,  is  given 
by  the  expression 

p=[f(s)J2/z»  »> 

where  n  is  the  index  of  refraction,  X  the  wavelength  in  free  space,  r  is  the  effective  electro- 
optic  coefficient,  d  is  an  effective  electrode  separation,  and  J.  is  the  waveguide  length. 

The  modulator  bandwidth  is  determined  on  one  hand  by  the  dispersive  properties  of  the 
transmission  line  due  to  modal  dispersion  [7J,  and  skin  effect  losses  [8J,  and,  on  the  other 
hand,  by  the  phase  velocity  difference  [9]  between  the  optical  and  electrical  waves.  It  is  the 
velocity  mismatch  which  is  presently  limiting  the  time  response  of  the  traveling  wave 
modulator  to  20  GHz  [10]. 

To  minimize  modal  dispersion,  it  is  necessary  to  use  transmission  lines  with  small  cross 
sectional  dimensions.  Due  to  the  air-substrate  interface,  quasi-TEM  propagation  occurs  only 
when  the  cross-sectional  dimensions  of  the  transmission  lines  are  small  compared  to  the 
wavelength  of  the  driving  signal.  For  coplanar  lines,  the  effective  dielectric  constant  is 
frequency  dependent  as  shown  in  Fig.  1.  The  cut-off  frequency,  vc,  of  the  surface  wave  TEj 
mode  [10]  follows  the  form 


where  c  is  the  speed  of  light  and  the  dielectric  constant  of  the  substrate,  esub,  is  greater  than 
the  dielectric  constant  of  the  superstrate,  esup. 

Contrary  to  modal  dispersion,  skin  effect  losses  demand  electrode  dimensions  to  be  as 
large  as  possible.  Consequently,  for  high  frequency  operation,  modal  dispersion  and  skin 
effect  losses  are  irreconcilable.  We  will  see  later,  that  in  order  to  avoid  modal  dispersion  and 
skin  effect  simultaneously,  it  is  necessary  to  use  superconducting  electrodes.  Figures  2(a)  and 
2(b)  illustrate  the  effects  of  modal  dispersion  and  skin  effect  losses  on  the  short  electrical  pulse 
propagation.  The  two  figures  are  the  result  of  computer  simulation.  Figure  2(a)  shows  the 
broadening  of  a  1  ps  rise  time  step  function  after  10  mm  propagation  on  a  gold  coplanar 
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Fig.  1  Electrical  dispersion  due  to  dielectric  mismatch 


Tims  (ps)  Time  (ps) 

(a)  (b) 

Fig.  2  Simulated  propagation  of  signals  with  and  without  dielectric  mismatch 


transmission  line  evaporated  onto  a  GaAs  substrate.  The  width  and  electrode  separation  are 
“ -n  t  can  be  seen  after  10  mm,  the  rise  time  has  degraded  from  an  initial  value  of 
?0°  rPs  In FiJ  2(b)  the  ™dal  dispersion  has  been  turned  off  and  the  observed 
decrease  in? rise  time  and  signal  amplitude  are  due  solely  to  the  skin  effect  attenuation. 

As  mentioned  earlier,  the  most  important  mechanism  limiting  the  speed  of  the  electro¬ 
optic  modulator  is  the  velocity  mismatch  between  the  optical  and  electrical  signals.  This  e  e 
limits  the  rise  time  Tr  of  the  modulator  to  a  value 


Atr- 


where  An  =  -  n  and  n  is  the  substrate  index  of  refraction. 

By  placing  a  GaAs  superstrate  in  contact  with  a  GaAs/GaAlAs  waveguide,  the  condition 
=  n  can  be  satisfied.  This  enables  us,  for  the  first  time,  to  suppress  the  effect  of  the 
velocity  mismatch  in  longer,  more  efficient  modulators. 
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Fig.  3 
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GaAs  substrate 


A  diagram  depicting  this  modulator  is  shown  in  Fig.  3.  A  waveguide  was  prepared  on  a 
GaAs  substrate.  Vertical  confinement  was  provided  by  a  series  of  MBE  grown  GaAlAs  layers 
and  horizontal  confinement  by  a  ridge  etched  in  the  upper  layer.  The  coplanar  striplines  were 
100  pm  wide  and  separated  by  20  pm.  The  film  is  gold  of  5000  A  thickness.  A  10  pm 
photoconductive  switch  interrupted  one  line;  0.5  mm  from  the  modulator’s  input  end.  The 
resistance  of  the  metalization  over  the  5  mm  modulator  length  was  7.5  Q.  The  GaAs 
superstrate  was  then  placed  in  contact  with  the  coplanar  transmission  lines. 

After  passing  through  a  quarter-wave  plate  about  10%  of  the  compressed  1R  light  from  a 
Nd.’YAG  laser  was  coupled  into  a  4  pm  core  fiber  40  cm  in  length.  This  fiber  was  then  butt 
coupled  to  the  input  of  the  modulator  waveguide.  A  20X  microscope  objective  was  used  at 
the  output  to  image  the  modulated  light  through  a  polarizer  and  onto  a  reverse  biased  PIN 
photodiode.  The  remaining  90%  of  the  compressed  IR  beam  was  converted  to  532  nm  at  2% 
efficiency  in  KTP  to  form  the  switch  pump  pulse.  The  green  light  was  first  chopped  at  the 
lock-in  reference  frequency  of  4  MHz  by  an  acousto-optic  modulator  and  passed  through  an 
optical  delay  line  to  allow  adjustment  of  pump/probe  timing.  Finally,  the  pump  pulse  was 
focused  onto  the  photoconductive  switch.  A  step  function  electrical  pulse  was  generated  and 
the  rise  time  measured  by  the  short  probe  pulses  which  correspond  directly  to  the  response 
time  of  the  modulator  as  it  would  be  used  with  cw  optical  input.  The  result  of  modulating 
with  a  subpicosecond  step  function  and  a  1  ps  probe  pulse  is  shown  in  Fig.  4.  The 
10%~90%  rise  time  is  found  to  be  3.2  ps.  If  a  Gaussian  rising  edge  is  assumed,  this  rise  time 
corresponds  to  1 10  GHz  for  3dB  roll-off. 

A  measurement  of  the  half-wave  voltage  of  this  modulator  at  4  MHz  yielded  a  value  of 
288  V.  This  is  nearly  a  factor  of  4  above  the  expected  value  of  75  V.  The  loss  in  sensitivity 
was  probably  due  to  depolarization  of  the  modulated  beam  in  the  input  fiber. 


As  more  devices  begin  to  function  at  frequencies  above  100  GHz  and  as  the  demand  for 
test  equipment  increases,  the  need  for  an  ultrafast  modulator  will  continue  to  grow.  We  have 
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demonstrated  a  GaAs  modulator  with  velocities  nearly  matched.  This  is  simply  achieved  by 
putting  a  GaAs  superstate  in  contact  of  a  GaAs  waveguide.  Further  improvement  can  be 
achieved  by  varying  the  aluminum  mole  fraction  in  a  GaAlAs  superstate.  This  approach 
should  make  the  constuction  of  500  GHz  possible  with  lower  half-wave  voltage.  At  these 
frequencies,  the  skin  effect  losses  will  become  dominant  and  superconducting  electodes  will 
have  to  be  used.  The  superconducting  electodes  will  have  to  possess  a  large  energy  gap  in 
excess  of  0.5  THz.  Superconductors  such  as  Nb  with  a  Tc  =  9°K  and  an  energy  gap 
corresponding  to  700  GHz  could  be  used.  High  Tc  superconductors  with  an  energy  gap 
corresponding  to  10  THz  could  even  be  a  better  choice.  Recent  experiments  have  shown  that 
picosecond  electrical  pulses  could  propagate  over  distances  of  1  cm  on  high  Tc 
superconducting  lines  without  detectable  absorption  or  dispersion.  Furthermore,  the  dielectric 
constants  of  some  high  Tc  substrates  nearly  match  that  of  GaAs. 

The  authors  wish  to  thank  Chris  Chorey  and  Kul  Bhashin  of  NASA  Lewis  in  Cleveland 
for  supplying  GaAs/GaAlAs  waveguides.  We  also  thank  Brian  Olmsted  at  the  University  of 
Rochester  and  Doug  Shire  at  Cornell  University  for  generating  the  electrode  mask  and  for 
depositing  electrodes.  This  work  was  supported  by  the  Air  Force  Office  of  Scientific 
Research,  University  Research  Initiative  under  contract  number  F49620-87-C-0016  and  the 
Sponsors  of  the  Laser  Fusion  Feasibility  Project  at  the  Laboratory  for  Laser  Energetics. 
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Part  V 


Applications  to 
Solid-State  Physics 


Ultrafast  Scattering  and  Energy  Relaxation 
of  Optically  Excited  Carriers  in  GaAs  and  AIGaAs 

W.Z.  Lin,  R.W.  Schoenlein,  M.J.  LaGar.se,  B.  Zysset,  E.P.  Ippen, 
and  J.G.  Fujimoto 

Department  of  Electrical  Engineering  and  Computer  Science, 
Research  Laboratory  of  Electronics, 

Massachusetts  Institute  of  Technology,  Cambridge,  MA02139,  USA 


Advances  in  femtosecond  pulse  lasers,  amplifiers  and  measurement  techniques  now 
make  it  possible  to  study  the  primary  events  in  semiconductors  that  determine,  and 
ultimately  limit,  the  characteristics  of  ultrahigh  speed  electronic  and  opto-clcctronic 
devices'1!.  Previous  investigators  have  applied  a  variety  of  experimental  techniques  to 
study  femotsecond  carrier  dynamics.  The  initial  scattering  processes  of  excited  carriers 
in  GaAs  and  AIGaAs  have  been  investigated  using  absorption  saturation'2'.  Continuum 
probe  measurements  have  been  applied  to  observe  hole  burning  and  nonthermal  carrier 
distributions!3!.  Orientational  relaxation  of  excited  carriers  has  been  investigated  using 
femtosecond  four  wave  mixing!4!. 

In  this  paper  we  describe  femtosecond  studies  of  induced  absorption  saturation  in 
GaAs  and  AIGaAs  that  investigate  initial  carrier  scattering,  energy  relaxation,  and 
intervallcy  scattering  processes.  To  obtain  complementary  information  on  carrier  dy¬ 
namics,  measurements  were  performed  on  a  variety  of  sample  compositions  using  three 
different  laser  systems  to  produce  different  excitation  and  probe  wavelengths.  Transient 
absorption  saturation  measurements  were  performed  using  identical  pump  and  probe 
pulses  from  a  CPM  oscillator  to  investigate  the  initial  scattering  of  carriers  out  of  their 
optically  excited  states'5!.  Pump  and  continuum  probe  measurements  were  performed 
with  a  copper  vapor  laser  amplifier  to  observe  the  evolution  and  energy  relaxation  of  the 
excited  carrier  distributions'6!.  Finally,  a  tunable,  synchronously-pumped  femtosecond 
dye  laser  was  used  to  study  intervalley  scattering!7!. 

The  samples  used  in  our  studies  were  0.5  /jm  layers  of  GaAs  or  AljGa^As  grown 
by  liquid  phase  epitaxy  and  clad  with  transparent  layers  of  Al.ssGa^As.  All  mea¬ 
surements  were  performed  at  room  temperature  with  orthogonally  polarized  pump  and 
probe  pulses  to  reduce  coherent  coupling.  Measurements  performed  using  both  parallel 
and  orthogonal  polarizations  as  well  as  studies  by  previous  investigators!3,4!  indicate 
that  orientational  relaxation  occurs  too  rapidly  to  contribute  significantly  to  our  mea¬ 
surements.  Figure  1  shows  the  transient  absorption  saturation  in  GaAs  obsc-vcd  using 
pump  and  probe  pulses  from  the  CPM  oscillator  (photon  energy  ~  2  cV).  The  tem¬ 
poral  response  has  two  components,  an  initial  ultrafast  transient  that  occurs  on  the 
timescale  of  the  pulse  and  a  longer,  picosecond  decay.  The  femotsecond  response  may 
be  attributed  to  the  initial  scattering  of  the  carriers  out  of  their  optically  excited  states. 
The  picosecond  response  results  from  cooling  of  the  hot  carrier  distribution  through 
electron  phonon  interactions.  For  excitation  densities  in  the  range  1017  -  1018/cm3  the 
initial  relaxation  time  is  shorter  than  our  pulse  duration  of  35  fs.  Detailed  analysis  of 
the  data  is  complicated  by  the  fact  that  carriers  are  excited  from  the  heavy  and  light 
hole  bands  high  into  the  conduction  band  where  intervallcy  scattering  to  both  the  X 
and  L  valleys  can  compete  with  intraband  redistribution.  Transitions  from  the  split-off 
valence  band  to  lower  conduction  band  energies  also  occur. 
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Fig.  1.  Transient  absorption 
saturation  in  GaAs.  The  lower 
trace  is  the  rapid  initial  tran¬ 
sient  extracted  by  subtracting 
the  longer  (dashed  line)  re¬ 
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Fig.  2.  Transient  absorption 
saturation  data  for  Al.2Ga.gAs. 
Dashed  lines  indicate  the  long- 
lived  background  level  and  the 
picosecond  exponential  decay. 


Fig.  3.  Experimental  data  for 
Al.3Ga.gAs.  Rapid  initial  tran¬ 
sient  extracted  as  in  Figs.  1 
and  2. 


Since  the  laser  source  was  not  tunable,  studies  were  performed  by  using  AlIGai_IAs 
samples  with  differing  composition.  Experimental  results  for  1  =  0,2  and  x  —  0.3  are 
shown  in  Figures  2  and  3.  The  slow  behavior  in  each  trace  has  been  lit  by  a  combination 
of  a  1  ps  decay  and  a  long  lived  background  due  to  band  tilling  by  the  cooled  carriers. 
The  initial  relaxation  time  has  increased  dramatically  to  80  fs  and  130  fs  respectively. 
This  is  a  result  of  several  factors.  Since  the  bandgap  increases  with  A!  cone,  nt  ration, 
initially  excited  distributions  arc  cooler.  Energies  of  the  X  and  valleys  also  increase 
and  the  intervalley  scattering  processes  become  less  likely.  At  the  sam  '  time  transitions 
from  the  split-off  valence  band  arc  no  longer  allowed.  For  1  =  0.1  all  processes  are  still 
allowed  and  the  initial  relaxation  occurs  on  a  comparable  time  scale  to  that  in  GaAs. 

In  order  to  investigate  the  evolution  of  the  carrier  distributions  and  energy  relax¬ 
ation  to  the  lattice  we  performed  experiments  using  amplified  pulses  to  produce  a 
femtosecond  continuum  probe.  Figure  4  shows  a  set  of  traces  obtained  for  GaAs.  Data 
obtained  at  probe  photon  energies  near  the  1.90  eV  pump  energy  show  rapid  scattering 
of  the  carriers  out  of  their  initial  states  consistent  with  that  in  Figure  1.  The  fast 
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Fig.  4.  Absorption  saturation 
data  obtained  by  selecting  dif¬ 
ferent  values  of  from  the 

continuum.  Actual  peak  ampli¬ 
tudes  range  from  1%  to  13%. 
Ep„mp  =  1-99  eV. 


transient  observed  at  1.73  and  1.68  eV  is  independent  evidence  of  the  initial  excitation 
from  the  split-off  band.  There  is  an  onset  of  absorption  saturation  throughout  the 
band  within  tens  of  femtoseconds.  Since  this  occurs  at  least  as  fast  as  the  decay  of  the 
localized  distributions,  it  suggests  that  hole  scattering  may  contribute  significantly  to 
the  observed  absorption  saturation  data.  The  picosecond  time  behavior  is  consistent 
with  cooling  of  the  carrier  distribution  and  a  return  of  carriers  from  the  satellite  valleys 
as  described  by  previous  researchers!8!.  The  rising  wing  at  intermediate  photon  energies 
is  the  result  the  split-off  transition  which  is  sensitive  to  carriers  at  the  bottom  of  the 
conducton  band. 

In  order  to  eliminate  effects  of  the  split-off  band  transitions,  measurements  were 
performed  with  x  —  0.2  and  0.3  samples.  Results  for  x  =  0.2  are  shown  in  Figure  5. 
This  sample  has  a  bandgap  of  1.67  eV  and  split-off  transitions  do  not  occur  for  our  1.99 
eV  pump  photons.  The  excess  energy  of  the  carriers  is  sufficient  to  permit  scattering 
to  the  L  valley.  For  carriers  near  the  top  of  the  distribution  X  valley  scattering  is  also 
permitted.  The  sharper  transient  observed  for  the  higher  energies  is  in  agreement  with 
this  hypothesis.  Rapid  onset  of  absorption  saturation  is  again  observed  throughout  the 
band.  The  increasing  absorption  saturation  on  the  picosecond  timescale  in  the  2.07 
eV  trace  is  the  result  of  the  split-off  transition  which  detects  carriers  at  the  bottom  of 
the  conduction  band.  Figure  6  shows  results  obtained  with  the  x  =  0.3  sample  where 
the  split-off  band  transitions  and  X  valley  scattering  is  not  allowed.  Initial  relaxation 
observed  near  the  pump  energy  is  consistent  with  that  in  Figure  3;  probing  near  the 
bottom  of  the  band  (and  at  2.14  eV  via  the  split-off  band)  shows  the  subsequent 
increasing  absorption  saturation  attributable  to  cooling.  The  time  scale  of  this  process 
is  more  rapid  than  that  observed  for  the  x  =  0.2  sample,  indicating  that  the  cooling 
rate  in  the  x  —  0.2  sample  may  be  slowed  by  the  return  of  carriers  from  the  satellite 
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Fig-  5.  (left)  and  Fig.  6.  (center)  Ab¬ 
sorption  saturation  behavior  observed 
at  different  continuum  probe  wave¬ 
lengths  for  x  =  0.2  and  0.3. 

=  1.99  eV. 


Fig.  7.  Dynamics  observed  us¬ 
ing  identical  pump  and  probe 
pulses  from  a  tunable  source  to 
study  intcrvalley  scattering. 


valleys.  Thus,  if  X  valley  scattering  is  allowed  it  appears  to  be  substantially  more 
effective  in  removing  carriers  from  the  F  valley  than  L  valley  scattering. 

Finally,  to  explicitly  examine  the  role  of  intcrvalley  scattering,  we  performed  addi¬ 
tional  measurements  with  70  fs  pulses  from  a  wavelength-tunable  femtosecond  system. 
Using  the  x  =  0.3  sample  with  wavelengths  ranging  from  580  to  650  nm  (2.1-1  to  1.91 
eV)  the  excitation  could  be  tuned  through  both  T  to  X  and  T  to  L  valley  scattering 
transitions  without  the  occurrence  of  transitions  from  the  split-off  band.  Figure  7  shows 
representative  results.  For  photon  energies  of  2.07  eV  or  greater  the  carriers  have  suffi¬ 
cient  energ^to  scatter  to  both  X  and  L  valleys.  The  observed  relaxation  in  this  range 
was  less  than  50  fs  and  was  limited  by  the  laser  pulse  duration.  As  the  excitation 
energy  is  decreased  to  2.00  eV  scattering  to  the  X  satellite  valley  can  no  longer  occur 
and  the  relaxation  time  increases  to  130  fs.  At  1.91,  eV,  where  T  to  L  scattering  is  no 
longer  allowed,  the  initial  relaxation  rate  appears  to  slow  further  but  detailed  fitting  is 
complicated  by  increased  contributions  from  band  filling. 

The  time  constants  measured  by  absorption  saturation  do  not  correspond  directly 
to  intcrvalley  scattering  times  since  the  absorption  changes  arc  affected  by  all  processes 
which  remove  carriers  from  their  initial  excited  states.  Nevertheless,  our  results  indi¬ 
cate  that  T  to  X  scattering  is  very  rapid  and  that  a  significant  number  of  carriers 
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scatter  to  the  X  valleys  when  carrier  energies  are  sufficient  to  permit  this  process. 
Scattering  to  the  L  valleys  produces  a  weaker  contribution  to  the  initial  carrier  relax¬ 
ation  process.  This  finding  is  commensurate  with  our  continuum  probe  measurements  as 
well  as  with  recent  measurements  utilizing  temperature  variation!7 8 9!  and  luminescence 
depolarization!10!. 
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Time-Resolved  Terahertz  Conductivity  of  Photoinjected 
Hot  Electrons  in  Gallium  Arsenide 

M.C.  Nuss 

AT&T  Bell  Laboratories,  Crawfords  Comer  Road, 

Room  4C-330,  P.O.  Box  400,  Holmdel,  NJ  07733,  USA 


Recently,  we  have  directly  measured  the  transient  d.c.-mobiiity  a(t)  of  hot  electrons 
injected  with  500  meV  excess  energy  into  the  conduction  band  of  GaAs  using 
femtosecond  electrical  pulses  synchronized  to  the  optical  injection  pulse  as  a  probe  of  the 
mobility  |1J.  These  experiments  have  shown  that  transfer  into  the  L- valleys  is  extremely 
fast  and  that  300  fs  after  the  electron  injection  -  80%  of  all  electrons  reside  in  low 
mobility  satellite  valleys.  In  this  article,  we  describe  experiments  that  use  the  broad 
spectral  bandwidth  of  the  femtosecond  electrical  pulses  to  investigate  the  complete 
frequency  response  as  well  as  the  time  response  of  the  small-signal  conductivity  c(co,t)  in 
the  range  from  0  to  2  THz  as  a  function  of  time  after  injection  of  hot  electrons.  The  THz 
frequency  range  covers  both  momentum  and  energy  relaxation  rates  and  deviations  from  a 
Drude-like  conductivity  give  valuable  information  about  nonequilibrium  transport 
processes  of  hot  electrons  [21. 

Figure  1  shows  the  experimental  setup.  A  subpicosecond  conical  shock  wave  of 
electro-magnetic  radiation  is  generated  by  optical  rectification  of  a  100-fs  optical  pulse  at 
625  nm  out  of  a  CP M  dye  laser  in  a  1-mm  electro-optic  LiTaOj -crystal  [3],  The  shock 
wave  consists  of  a  single  cycle  electrical  pulse  with  a  far-infrared  spectrum  extending 
from  almost  0  to  4  THz  and  peaking  at  -  1  THz.  This  femtosecond  electrical  transient 
propagates  towards  a  GaAs  sample  which  is  optically  contacted  to  the  side  of  the  electro- 
optjc  crystal.  The  sample  consists  of  an  undoped  8800A  grown  GaAs  layer  capped  with  a 
83A  Alo^GaojAs-layer  grown  by  MBE  on  a  semi-insulating  substrate.  A  second  optical 
pulse  probes  the  incident  and  reflected  waveforms  via  electro-optic  sampling,  measuring 
the  amplitude  and  phase  of  the  electrical  field  associated  with  the  far-infrared  transient. 

Synchronized  with  the  two  other  pulses,  a  third  pulse  injects  electrons  with  an  excess 
energy  of  -500  meV  into  the  GaAs  conduction  band.  The  wavefront  of  this  optical 
excitation  pulse  is  tilted  using  a  transmission  echelon  to  provide  synchronization  with  the 
conical  wavefront  of  the  electrical  pulse  sweeping  across  the  semiconductor  sample. 
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Unlike  in  our  previous  time-domain  experiment  [1],  the  generating  pulse  is  scanned 
rather  than  the  electro-optic  sampling  beam  to  map  out  the  waveform  of  the  incident  and 
reflected  electrical  pulses.  This  way  the  temporal  delay  between  the  optical  excitation  and 
the  probe  beam  remains  constant,  so  that  the  electron  gas  always  appears  stationary  during 
the  scan  of  the  electrical  pulse.  This  allows  us  to  Fourier-transform  the  entire  waveform 
to  determine  the  transient  frequency  response  of  the  cooling  nonequilibrium  electron  gas 
at  any  time  after  the  injection  of  the  hot  electrons. 

Solving  the  boundary  condition  at  the  interface  between  LiTaC>3  and  GaAs  yields 

Er  =  r0Ei  -  yJs  (1) 


where  E^  E,  are  the  reflected  and  incident  electrical  fields,  Y  is  the  sum  of  the 
admittances  in  LiTa03  and  GaAs  and  Js  is  the  sheet  current  in  the  thin  photoexcited  layer 
at  the  interface.  For  the  small  electrical  fields  of  the  far-infrared  transient  (~  50  V/cm), 
Ohms  law  applies: 

T„ 

Js(<D,Tcx)=  J  dt'Cs(C0,Tex-t')  E(G),t'),  (2) 

0 


here,  CTs(cd)  is  the  sheet  conductivity  and  Tex  denotes  the  delay  of  the  optical  excitation 
beam.  E(t)  =  E; (t)  +  Er(t)  is  the  total  electric  field  acting  on  the  electrons  at  the  interface. 
When  the  temporal  variation  of  the  electrical  field  is  slower  than  the  momentum  scattering 
time,  then  Eq.2  simplifies  to:  J$(cd,  Tex)  =  cts(co,Tex)  •  E(Ci),Tcx\.  This  relation  is  usually 
satisfied,  since  the  momentum  scattering  times  are  between  -  10-fs  for  hot  electrons  and 
150-fs  for  electrons  at  the  lattice  temperature,  being  much  shorter  than  the  time  over 
which  the  electrical  pulse  varies  (0.5  -  1  ps).  However,  Eq.2  imposes  a  limit  on  the 
temporal  resolution  with  which  we  can  determine  the  frequency-dependent  conductivity 
Os  (co)  because  each  waveform  has  within  a  time  constant  on  the  order  of  the  momentum 
scattering  time  a  memory  of  the  past.  For  the  assumption  of  instantaneous  response  we 
can  then  solve  Eq.l  to  obtain  the  conductivity: 


Os(cd)  =  Y- 


r0-r(co) 
1  +  r(cu) 


(3) 


The  results  for  the  real  part  of  the  sheet  conductivity  Os(tu)  are  shown  in  Fig.  2  for 
delay  times  Tex  ranging  from  300  fs  to  14  ps  after  the  injection  of  hot  electrons  with  500 


Figure  2:  Conductivity  0$  (CD)  for 
various  lime  delays  after 
p hotoinjcciion  of  hoi  electrons 
with  500  mcV  excess  energy 


Frequency  (THz) 
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meV  excess  energy.  At  very  early  times,  the  sheet  conductivity  is  very  low,  supporting 
our  earlier  findings  in  the  time  domain  that  the  electrons  scatter  within  300  fs  very 
efficiently  into  the  low-mobility  L-valley.  Starting  at  -2  ps,  a  rising  conductivity  at 
frequencies  slightly  above  1  THz  is  observed.  The  appearance  of  this  peak  in  the  high- 
frequency  mobility  is  similar  to  the  a.c.-velocity-overshoot  predicted  by  Monte-Carlo 
simulations  for  the  conductivity  of  a  hot-electron  gas  heated  by  an  electric  field  [2],  The 
exact  frequency  dependence  is  different,  however,  and  can  probably  be  assigned  to  the 
non-thermal  electron  distributions  resulting  from  optical  excitation.  In  particular,  the 
transient  conductivity  at  >1  THz  actually  exceeds  the  conductivity  of  the  relaxed  electron 
distributions  for  times  between  1.5  and  3  ps  after  the  injection  of  Ik.,  :trons.  After  4 
ps,  the  conductivity  at  lower  frequencies  starts  to  increase  and  eventually  Decomes  similar 
(but  not  identical)  to  the  conductivity  of  a  Drude-gas  asmde  =  nse1 2 3t  /  [m*  (l  +  to2t2)] 
with  xm  -  180  fs  and  ns  -  3xl013crrT2  as  best  fit  to  the  data  after  14  ps. 

An  increase  in  injected  carrier  density  to  ns  =  5xl0Mcrrf2  (not  shown  in  this  article) 
reduces  the  transient  conductivity  peak  at  >1  THz  significantly.  We  believe  that  this  is 
mostly  due  to  the  increased  scattering  with  the  holes  that  are  injected  optically  at  the  same 
time  as  the  electrons. 

In  conclusion,  we  have  been  able  to  measure  the  transient  frequency-domain 
conductivity  <J( to)  of  electrons  injected  with  a  100  fs  optical  pulse  at  500  meV  excess 
energy  with  -  300  fs  time  resolution  as  they  cool  down  to  the  lattice  temperature. 
Significant  deviations  from  a  Drude-like  conductivity  are  observed.  We  have  also  shown 
that  the  conductivity  at  >  1  THz  of  hot  electrons  injected  optically  can  exceed  the 
conductivity  of  the  completely  cooled  distribution  between  1.5  and  3  ps  after  electron 
injection.  Increased  scattering  due  to  electron-hole  scattering  at  higher  excitation  densities 
diminishes  the  overshoot  effect  drastically. 

We  would  like  to  thank  D.  H.  Auston  for  many  stimulating  discussions  and 
suggestions  and  T.  E.  Harvey  for  his  expert  assistance  with  the  experiment. 
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1.  Abstract 

The  optical  Stark  effect  has  been  studied  experimentally  and  theoretically  in  thin  CdS  pla¬ 
telets  with  femtosecond  laser  pulse  excitation.  For  early  times  before  the  arrival  of  the 
pump  pulse  peak,  we  observe  oscillatory  behavior  in  the  differential  transmission  spectra  in 
the  vicinity  of  the  excilon  resonance.  The  oscillations  evolve  into  the  dispersive  feature 
which  is  characteristic  for  the  optical  Stark  effect.  In  order  to  minimize  the  generation  of 
real  excitations  the  experiments  are  performed  using  low  intensities  and  large  laser-exciton 
detunings.  In  addition  to  the  Stark  effect  of  the  excilon  states,  we  also  observe  the  Stark 
effect  of  the  continuum  states.  The  experimental  results  are  analyzed  theoretically  solving 
the  recently  derived  generalized  semiconductor  Bloch  equations  for  femtosecond  excitation 
conditions. 

2.  Summary 

The  optical  Stark  effect  is  a  well-known  phenomenon  in  atomic  systems  where  an  atomic 
transition  shifts  by  application  of  an  off-resonance  light  beam  COHEN-TANNOUDJI  el 
al.fl],  GALITSKII  et  al.[2J  and  LIAO  et  al.[3].  The  effect  persists  for  the  duration  of  the 
optical  pulse  and  has  been  explained  using  the  "dressed  atom"  picture. 

In  semiconductors,  one  deals  with  a  combination  of  bound  electron-hole-pair  (excilon) 
resonances  and  unbound  continuum  states.  The  optical  Stark  effect  of  excitons  in  multiple 
quantum  wells  and  in  Cu20  has  been  observed  recently  FROHLICH  et  al.[4],  MYSY- 
ROWICZ  et  al.[5],  VONLEHMEN  et  al.[6],  TA1  et  al.[7]  and  FROHLICH  el  al.[8].  Since 
the  effect  occurs  on  the  timescale  of  the  excitation  pulse  and  no  real  carriers  are  involved, 
the  excilon  Stark  effect  has  been  used  to  construct  optical  logic  gales  with  sub-picosecond 
response  times  HULIN  el  al.[9]. 

When  discussing  the  pure  Stark  effect  in  semiconductors,  one  has  to  keep  in  mind  that, 
quite  generally,  there  is  always  a  competition  between  effects  caused  by  real  carriers  and 
the  electric  field  effects  (Stark  effect).  The  previous  experiments  have  been  conducted  with 
pump  pulses  tuned  relatively  close  to  the  excilon  transition  and.  therefore,  the  unavoidable 
generation  of  real  carriers  may  have  influenced  the  observed  behavior  MYSYROWICZ  et 
al.[5].  Even  when  the  light  frequency  is  detuned  from  the  resonance  such  that  one-photon 
carrier  generation  is  very  small,  two-photon  absorption  may  lead  to  a  finite  concentration  of 
real  excitations.  These  carriers  modify  the  transmission  spectra  through  energy  renormaliza¬ 
tions,  as  well  as  bleaching  and  broadening  of  resonances.  In  order  to  minimize  these  long- 
lived  effects  (real  excitations  decay  on  the  timescale  of  the  interband  recombination  time) 
and  to  approach  the  regime  of  the  true  optical  Stark  effect,  we  have  employed  large  delun- 
ings  and  weak  excitation  pulse  intensities. 

The  experimental  arrangement  is  a  usual  pump-probe  technique.  The  output  of  a  collid¬ 
ing  pulse  mode-locked  dye  laser  is  amplified  by  a  copper  vapor  laser  and  the  output  is 
divided  into  two  parts.  One  part  goes  through  an  ethylene  glycol  jet  and  produces  a  broad- 
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Fig.  I  a)  The  measured  oscillatory  behavior  of  DTS  for  negative  time  delays.  The  spectra 
are  50  fs  apart,  b)  The  calculated  DTS  for  negative  time  delays.  Inset:  The  linear  absorp¬ 
tion  spectrum  of  CdS  at  150  K  for  Ep  II  C 


band  continuum  to  be  used  as  a  probe  pulse.  The  other  part  is  sent  through  a  delay  gener¬ 
ator  and  is  used  as  a  pump  pulse  with  60  fs  duration  (FWHM  of  the  autocorrelation  trace). 
A  spectrometer  and  an  optical  multichannel  analyzer  detect  the  probe  transmission  as  a 
function  of  frequency  in  the  absence  and  presence  of  the  pump  and  at  various  time  delays 
between  the  pump  and  probe  pulses. 

Figure  la  shows  the  measured  differential  transmission  spectra.  DTS  =  (T-T0)/(T„).  where 
T  and  T0  are  the  probe  transmission  in  the  presence  and  absence  of  the  pump  pulse,  near  B- 
exciton  in  CdS.  The  linear  absorption  spectrum  of  CdS  is  shown  in  the  inset  of  this  figure. 
The  sample  thickness  was  a  few  tenths  of  a  micrometer.  In  CdS.  the  valence  band  is  split 
into  one  upper  and  two  lower  subbands.  These  bands  are  called  A.  B  and  C,  respectively, 
and  result  in  three  excitonic  levels.  We  used  a  probe  polarization  that  was  parallel  to  the 
crystal  c-axis.  The  A-exciton  is  then  dipole-forbidden  and  appears  only  as  a  shoulder  on 
the  low-energy  side  of  the  B-exciton,  while  the  B  and  C-excitons  appear  fully  in  the  absorp¬ 
tion  spectrum.  The  bandedge  of  the  B-excilon  is  also  labeled  on  the  inset.  In  Fig.  la  the 
spectra  which  were  taken  in  50-fs  intervals,  are  shown  only  for  negative  lime  delays  when 
the  peak  of  the  pump  pulse  precedes  the  peak  of  the  probe  pulse.  Spectral  transmission 
oscillations  are  clearly  observed  FLUEGEL  et  al. [  1 0],  JOFFRE  el  al.fll],  SOKOLOFF  et 
al.[  1 2]  and  KOCH  et  al.[13].  The  oscillation  period  (the  inlerfringe  spacing)  grows  as  the 
time  delay.  tp,  approaches  zero. 

In  the  neighborhood  of  zero  time  delay  (tp  -  0),  the  oscillatory  features  disappear  and  one 
is  left  with  a  dispersive-looking  transmission  change  which  is  generally  interpreted  as  the 
optical  Stark  shift.  As  is  emphasized  in  the  theoretical  analysis  presented  below,  in  general, 
one  cannot  clearly  separate  the  Stark  effect  from  the  transmission  changes  caused  by  the 
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total  material-pulse  interaction.  Strictly  speaking  one  has  a  pure  "Stark  shift"  only  for  situ¬ 
ations  when  the  changes  in  the  excitation  pulse  occur  on  timescales  which  are  long  in  com¬ 
parison  with  the  medium  coherence  time.  This  situation  is  not  realized  under  the  present 
conditions  of  a  60  fs  pulses  and  a  ps  exciton  coherence  time.  Therefore,  we  refer  to  the 
complete  scenario  of  the  differential  transmission  changes  for  the  case  of  non-resonant  exci¬ 
tation  as  the  "optical  Stark  effect".  Figure  2  shows  the  measured  DTS  in  the  vicinity  of  the 
B-exciton  and  C-exciton.  The  Stark  effect  of  the  B-exciton  and  continuum  states  (bandedge 
and  higher  exciton  states)  of  the  B-band  at  T  -  150  K  is  observed  around  zero  lime  delay,  as 
evidenced  by  the  dispersive  DTS  feature  in  the  vicinity  of  the  excitonic  peaks  and  a  posi¬ 
tive  signal  in  the  bandedge  region.  The  effect  of  real  excitations  on  the  DTS  is  very  small. 
This  can  be  tested  by  comparing  the  measured  spectrum  at  tp  -  0  with  the  DTS  obtained 
from  an  artificial  shift  of  the  linear  absorption.  In  Fig.  2.  we  have  plotted,  in  addition  to 
the  measured  DTS,  the  DTS  obtained  by  artificially  shifting  the  linear  absorption.  The  good 
agreement  between  the  two  curves  in  Fig.  2  reveals  that  one  may  obtain  at  low  intensities 
and  for  large  detunings  an  almost  pure  Stark  shift.  In  addition,  the  continuum  states  have 
also  shifted  to  higher  energies. 

In  order  to  theoretically  analyze  the  observed  transmission  changes  we  use  the  generalized 
semiconductor  Bloch  equations  as  derived  by  LINDBERG  and  KOCH  [14],  The  coherent 
part  of  these  equations  can  be  written  as 


|  fe/h<k>  ' 


/*E(i)  +  Y  V(q)P*(q+k) 

q*0 


P(k)  +  c.c. 


(I) 


|  -  i^err(k) 

P(k)  =  -  i 

/i*E(l)*  +  Y,  V(q)P(k+q) 

L.  J 

q*0 

[1  -  fh(k)  -  f,(k)]  , 


(2) 


where  fe/h(k)  is  the  probability  to  have  an  electron/hole  with  wavenumber  k,  E(t)  is  the 
applied  field,  V  denotes  the  Coulomb  potential,  P(k)  is  the  interband  polarization  of  state  k. 
(i  is  the  interband  dipole  matrix  element,  and  Aeerr  denotes  the  renormalized  single-particle 

energy,  respectively.  The  term  Y V(q)P(k+q)][  fh(k)  +  fe(k)]  in  Eq.  (2)  is  responsible  for 


Wavelength  (A) 


Fig.  2  The  measured  DTS  at 
150  K  and  its  comparison  with 
a  pure  shift  of  the  absorption 
spectrum  (see  the  text  for 
description) 
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the  so-called  phase-space-filling  nonlinearilies.  For  the  conditions  in  the  discussed  experi¬ 
ments.  we  assume  tnat  this  term,  and  consequently  also  the  exchange  contribution  to  the 
bandgap  renormalization  are  small  and  can  be  neglected.  To  evaluate  Eqs.  (I)  and  (2)  under 
these  conditions,  it  is  advantageous  J.o  transform  these  equations  to  real  space.  We  can  then 
use  the  transformation  Ax  =  /  dx  ^(x)  A(x)/t^(0)  where  A(x)  stands  for  either  fe/h(x)  or  P(x) 
and  ^(x)  is  the  solution  of  the  Wanni er  equation  for  Ihe  relative  motion  of  the  electron-hole 
pair.  The  index  X  runs  over  the  bound  stales  (exciton  states)  as  well  as  over  the  electron- 
hole  continuum.  We  have  shown  in  Ref.  14  that  the  transformed  quantities  Px  and  fe/h  x 
obey  coupled  equations  which  have  the  same  form  as  the  optical  Bloch  equations  for  two- 
level  systems.  These  equations  can  be  solved  for  a  given  input  field  E(t)  and  the  total  mat¬ 
erial  polarization  is  then  obtained  as  Plol  =  fi  j  0X(O)  |  Px  +  c.c.  Knowing  Plol  we 

compute  the  field  transmitted  through  the  sample  and,  hence,  the  differential  transmission 
spectra  using  Maxwell's  equations. 

Using  only  a  single  exciton  tesonance,  we  obtain  the  spectra  shown  in  Figure  lb  for  neg¬ 
ative  time  delays.  Comparison  with  Fig.  la  reveals  the  good  agreement  between  theory  and 
experiment.  We  see  clearly  that  the  transmission  oscillations  for  negative  time  delays 
evolve  into  the  dispersive-looking  feature  characteristic  for  the  optical  Stark  shift.  However, 
it  is  worthwhile  to  point  out  that  a  close  inspection  of  the  computed  spectra  shows  that  the 
amplitude  of  the  transmission  changes  reaches  its  maximum  value  at  negative  time  delays 
(around  -50  fs  for  a  60  fs  pulse).  In  Fig.  3  we  show  computed  DTS  for  different  time 
delays  where  we  include  not  only  the  exciton  resonances,  but  also  the  electron-hole  contin¬ 
uum  states.  Around  zero  lime-delay  we  obtain  a  differential  transmission  spectrum  which 
closely  resembles  the  experimental  results  shown  in  Fig.  2. 

In  summary,  we  have  presented  an  experimental  and  theoretical  analysis  of  the  optical 
Stark  effect  of  exciton  and  continuum  states  in  semiconductors  for  different  delay  limes 
between  pump  and  probe  pulses.  In  the  experiments  we  have  minimized  the  effects  of  real 
carriers  by  choosing  a  large  detuning  and  low  intensity  of  the  excitation  pulse.  The  dis¬ 
cussed  theory  includes  the  dynamic  variations  of  the  applied  field  and  is  in  this  respect  an 
extension  of  the  results  obtained  under  adiabatic  elimination  of  the  polarization  dynamics 
SCHM1TT-RINK  and  CHEMLA  [17],  SCHM1TT-RINK  el  al.[18],  COMBESCOT  and  COM- 
BESCOT  [19],  ZIMMERMAN  [20]  and  ELL  et  al.[2 1  j.  It  can  be  shown  that  the  importance 
of  the  dynamic  coherent  DTS  modifications  decreases  for  increasing  temporal  pulse  widths. 
Accordingly,  our  theory  justifies  the  adiabatic  elimination  of  the  polarization  dynamics  in 
this  limit.  For  sufficiently  long  and  strong  pulses,  where  phase  space  filling  and  gap  renor¬ 
malization  become  important,  the  results  of  SCHM1TT-RINK  et  al.[  1 8],  ZIMMERMAN  [20] 
and  ELL  et  al.[21]  are  an  improvement  of  our  results  which  neglect  these  effects. 


Fig.  3  Differential  transmission  spectra  calcu¬ 
lated  for  B-excilon  in  CdS  at  different  time 
delays.  Excitation  pulse  60  fs  ,  time  delays 
(from  bottom  to  lop)  -150  fs  ,  -100  fs  .  -50 
fs  ,  0  fs  .  The  x-axis  shows  the  detuning 
from  the  B-exciton  bandedge  (0)  in  units  of 
meV.  The  y-axis  is  in  arbitrary  units,  the 
curves  are  shifted  with  respect  to  another,  but 
all  curves  in  one  plot  are  scaled  the  same  way. 
The  exciton  linewidth  (HWHM)  is  taken  as  5 
meV 


Detuning  (meV) 
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Laser  sources  have  now  been  pushed  into  the  femtosecond  domain  raising 
therefore  the  problem  of  the  temporal  limits  of  time  resolved  absorption 
spectroscopy.  In  the  case  of  absorption  a  spectrally  broadband  pulse 
probes  the  sample  transmission  before,  during  and  after  excitation  by  a 
pump  pulse.  A  spectrometer  and  a  slow  detector  placed  after  the  sample 
measures  the  transmitted  spectrum.  In  this  case  it  is  known  that  the 
temporal  resolution  .1/  of  the  experiment  may  not  be  related  to  the  spectral 
resolution  Jv  as  determined  by  the  spectrometer.  Therefore  Ji  can  be  much 
shorter  than  1/dv.  This  looks  very  intriguing  since  it  seems  to  get  round 
the  Heisenberg  uncertainty  relation.  This  problem  is  only  worth  mentioning 
when  the  spectrometer  has  something  to  resolve,  i.e.  in  case  of  narrow 
enough  absorption  lines,  that  is  in  a  medium  with  long  coherence  time  T, . 
In  fact  the  uncertainty  principle  becomes  important  when  T2  gets  longer 
than  the  light  pulse  duration,  in  which  case  new  methods  have  to  be 
Revised  for  getting  the  true  dynamics  of  the  phenomena  under 
i  ivestigation. 

Figure  1  represents  the  spectral  response  of  a  gallium  arsenide  bulk 
Sfunple  excited  by  a  pump  pulse  tuned  far  above  the  band  gap.  The  basic 
pl-iysics  here  is  the  following:  carriers  created  by  the  pump  pulse  screen 
r.he  Coulomb  interaction  between  electrons  and  holes  forbidding  the 


WAVELENGTH  [nm] 


Fig.  1:  Differential  absorption  spectra  around  an  exciton  line  in  bulk 
GaAs  at  15K  for  different  time  delays  with  respect  to  a  670nm  excitation 
pulse  of  lOOfs  duration.  The  probe  pulse  is  60fs  long.  Curves  are  ^Ofs 
apart. 
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creation  of  excitons  and  therefore  making  the  excitonic  resonance 
disappear.  Two  main  striking  features  are  readily  apparent:  a  signal 
appears  long  before  the  zero  (negative  delays  t  mean  probe  pulse  arriving 
before  the  pump  pulse)  and  manifests  itself  as  strong  spectral 
oscillations.  This  suggests  that  the  interpretation  of  these  f  a  as  time 
dependent  absorption  could  be  erroneous. 

These  paradoxal  features  result  from  a  polarizatior  decay  time  Tj  of  the 
medium  longer  than  both  the  time  resolution  At  and  the  characteristic 
evolution  time  of  the  medium,  here  the  ultrafast  screening  of  Coulomb 
interaction[ 1] .  The  polarization  of  the  medium  after  excitation  by  the 
ultrashort  probe  pulse  reads 

P(t)  =  P<n(0(\ -C(fn-r))  (I) 

where  P'"U)  is  the  linear  polarization,  in  absence  of  the  pump.  G(t) 
describes  the  disappearance  of  the  exciton  resonance  and  varies  abruptly 
from  0  to  1  around  t=0.  It  is  clear  on  (1)  that  the  polarization  induced 
by  the  probe  pulse  is  affected  by  the  pump  pulse,  even  though  there  is  no 
temporal  overlap  between  the  two  pulses,  explaining  why  there  is  a  signal 
for  negative  time  delays.  The  spectra  observed  in  fig.  1  can  be  reproduced 
through  a  Fourier  transformation  of  the  differential  polarization  as 
deduced  f rom  ( 1 ) . 

Oscillatory  features  also  appear  in  spectra  corresponding  to  the 
exciton  optical  Stark  shift[2,3]-  This  is  included  in  the  expression  of 
the  polarization: 

/>(()=  P(l)(f)exp(-t  CP) 


where  A E  is  the  exciton  shift  induced  by  the  pump,  theoretically  known  t0 
follow  the  pump  temporal  profile.  Fig.  2a  represents  both  the  amplitude  of 


rime  delay  i;  [ps] 


Fig  2:  a)  Dynamics  of  the  optical  Stark 
effect  signal,  called  here  D(  r)  and 
defined  as  shown  in  the  inset.  The 
triangles  are  experimental  while  the 
full  line  is  a  theoretical  fit.  We  have 
used  a  gaussian  300fs  FWHM  for  the  pump 
and  a  gaussian  530fs  HWHM  for  the 
polarization  decay  associated  to  the 
exciton  line.  Note  the  maximum  signal 
occurs  slightly  before  the  zero  time 
delay 

b)  The  squares  represent  the  experimen¬ 
tal  recovered  dynamics,  called  S( i)  and 
obtained  as  explained  in  the  text.  The 
pump  pulse  is  represented  by  the  full 
line 
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the  experimental  differential  signal  and  a  theoretical  fit  based  on  (2). 
The  signal  appears  also  in  this  case  long  before  the  zero  time  delay. 
However  the  optical  Stark  shift  being  instantaneous  the  signal  goes  very 
fast  back  to  zero  for  positive  time  delays,  producing  this  very  striking 
"reversed"  dynamics. 

From  the  two  examples  above  it  follows  that  monitoring  a  selected 
wavelength  as  a  function  of  time  delay  r  does  not  yield  the  real  dynamics 
of  the  medium.  A  method  to  ge"  the  true  response  is  therefore  needed. 

As  the  problem  comes  from  the  wish  of  simultaneous  temporal  and 
spectral  accuracy,  it  disappears  when  one  gets  rid  of  the  spectral 
resolution.  This  can  be  done  by  integrating  the  differential  spectra,  so 
that  the  oscillations  occuring  for  negative  time  delays  average  to  zero. 
For  the  same  purpose  one  can  also  open  the  slit  of  the  spectrometer  until 
the  resolution  is  of  the  order  of  1/df,  verifying  therefore  the 
uncertainty  relation.  This  is  the  correct  method  to  obtain  the  bleaching 
kinetics  but  cannot  be  used  for  the  exciton  shift  since  in  this  case  the 
integrated  spectrum  is  always  zero. 

The  real  optical  Stark  shift  dynamics  can  be  recovered  by  integrating 
the  product  of  the  differential  spectra  and  of  the  detuning  to  the  line 
center,  as  will  be  shown  in  a  forthcoming  publication[4] .  Such  an 
operation  has  been  performed  on  experimental  results  and  is  plotted  in 
fig.  2b.  It  shows  that  the  recovered  kinetics  is  indeed  very  close  to  the 
pump  intensity  temporal  profile. 

In  summary  we  have  studied  phenomena  faster  than  the  coherence  decay 
time  of  the  investigated  medium.  We  show  that  the  observed  variations  of 
the  absorption  spectrum  are  slower  than  the  actual  physical  effect  but  we 
give  methods  to  recover  the  true  dynamics. 
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1 .  Introduction 


Picosecond-laser-driven  shock  waves  offer  a  new  technique  to  investigate 
material  properties  under  very  high  pressure  and  pressure  gradient  with  high 
time  resolution,  spatial  locality  and  high  repetition  rate  using  a  table  top 
laser  facility.  Recently  progress  has  been  made  by  our  group  in  the 
characterization  of  picosecond-laser-driven  shock  waves,!.!  j  shock  wave 
effects  in  water, [2]  and  semiconductors:  GaSe,L3,A,5]  CdSe,[6]  and  GaAs.[7J 
In  this  paper,  we  will  present  the  main  results  of  our  investigations. 


2.  Experimental  Technique 


The  experimental  geometry  is  shown  in  Fig.  1.  A  pump-and-probe  technique  was 
used  to  observe  shock  effects  on  the  photoluminescence  (PL)  from 
semiconductors. [4 J  The  intense  picosecond  laser  pulses  of  the  pump  beam 
were  focused  onto  an  A1  foil.  High  pressure  shock  waves  were  generated  by 
rapid  localized  heating  and  sudden  plasma  expansion  in  the  A1  foil  against 
the  glass  cover. [8]  The  probe  pulse  was  delayed  by  35  -  50  n3  relative  to 
arrival  of  the  pump  pulse  at  the  A1  foil.  Samples  were  polished  down  to  AO 
um  in  thickness.  The  aluminum  foil  had  a  thickness  of  20  urn.  The  pump  beam 
was  focused  to  a  A50  um  diameter  spot  on  the  Ai  foil.  The  probe  beam  was 
focused  to  a  350  pm  diameter  spot  on  the  sample.  Since  the  pump  beam 
damaged  the  Al  fo.,1,  a  different  spot  on  the  Al  foil  was  employed  after 
each  shock.  The  PL  »as  dispersed  by  a  1 /A  m  Jarrell-Ash  spectrometer , 
detected  by  a  sili con-intensif ied-target  coupled  to  an  optical  multichannel 
analyzer  0MA  iii,  and  stored  in  a  POP!  1/23*  computer.  All  spectra  were 
recorded  by  single  shots  of  the  laser. 
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Fig.  1  The  experimental  geometry 


Fig.  2  Unshocked  and  shocked 
PL  spectra  from  GaSe 
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3-  Results  and  Discussion 


3.1  GaSe 


Figure  2  shows  shocked  and  unshocked  PL  spectra  from  GaSe  for  a  probe 
intensity  of  6.8xl07  W/cm2  at  T  ■  300  K.  A  sharp  stimulated  emission  line 
superimposes  on  the  low  energy  tall  of  the  broad  spontaneous  emission  line. 
Both  lines  come  from  the  exciton-exciton  scattering  process, [9]  which  can  be 
expressed  as  (E^s,  E's)  +  (hv>  e-h).  Under  shock  loading  with  a  pump  pulse 
energy  35  mJ  and  delay  time  39  ns,  the  spontaneous  line  shifts  to  red  and 
broadens.  The  red-shift  of  2A  nm  (73  mev)  displayed  in  Fig.  2  deduces  a 
shock  pressure  of  -  15  kbar,  which  agrees  with  our  independent  measurement 
using  an  x-cut  quartz  transducer.  The  observed  line  broadening  was  found  to 
be  proportional  to  the  shock  pressure  (see  Fig.  3)  and  attributed  to  the 
shock-wave-induced  exciton  collisions. [5]  The  larger  red-shift  of  36  nm  and 
intensity  decrease  of  the  stimulated  emission  line  under  shock  were  well 
explained  by  the  shock-wave-induced  band  gap  shrinkage  through  the  gain 
reduction  mechanism  based  on  exciton-exciton  scattering  process. [Mj 


SHOCK  PRESSURE  (kbar) 
Fig.  3  Shock-induced  line 
broadening 


Fig.  A  Temporal  profile  of 
shock  pressure 


The  time  evolution  of  the  shock  pressure  could  be  sketched  out  by 
measuring  the  red-shifts  of  the  spontaneous  emission  line  from  GaSe  at 
different  delay  times  between  the  probe  and  pump  beams.  The  results  for  a 
GaSe  sample  of  20  urn  in  thickness  are  shown  in  Fig.  H.  The  apparent  pressure 
rise  time  displayed  in  Fig.  <1  is  3  nsec  which  should  be  the  upper  limit  of 
the  real  one  because  of  the  limited  time  resolution  and  unevenness  of  the 
Al-foil  and  sample  thickness.  The  measured  shock  duration  in  GaSe  is  about 
80  nsec. [33 

3.2  CdSe 


Figure  5  shows  shocked  and  unshocked  PL  from  CdSe  due  to  ijc  electron-r<jv 
hole  recombination  for  a  probe  intensity  of  1.2xl07  W/cm2  at  T  -  80  K.  The 
shocked  spectrum  with  a  pump  pulse  energy  25  mJ  and  delay  35  ns  shows  a 
blue  shift  which  deduces  a  shock  pressure  of  1 1  kbar.  The  carrier 
temperature  Te  was  obtained  by  fitting  the  high-energy  tail  of  the  data  to 

1(E)  =  C  (E-Eg)l/2  expL-(E-Eg)/kBTe]  . 


The  fit  results  are  shown  by  the  solid  lines  in  Fig.  5.  Significant  carrier 
heating  (126°K  -*  1 62 °K )  by  the  shock  compression  via  the  lattice  was  observed 
for  the  first  time.L6] 
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WAVELENGTH  (nm) 


Fig.  5  Unshocked  and  shocked 
PL  spectra  from  CdSe 


Fig.  6  Unshocked  and  shocked 
PL  spectra  from  GaA3 


3.3  GaAs 


Figure  6  shows  shocked  and  unshocked  PL  from  GaAs  due  to  rgc  electron- Tgv 
hole  recombination  for  a  probe  intensity  of  1.6x107  W/cm2  at  T  -  80  K.  The 
shocked  spectrum  with  a  pump  pulse  energy  25  mJ  and  delay  46  ns  shows  a 
blue  shift  due  to  the  hydrostatic  component  of  the  pressure.  It  also  splits 
into  two  components  corresponding  to  the  light  hole  transition  E„(l)  and 
heavy  hole  transition  E0(2)  due  to  the  reduced  symmetry  by  the  uniaxial 
nature  of  the  shock  pressure. [7 J  Since  the  energy  gap  Ec-Ev2  (heavy  hole) 
expands  linearly  with  the  increasing  pressure,  the  blue  shift  of  the  heavy 
hole  line  was  chosen  to  calibrate  the  shock  pressure  which  was  -  10  kbar  in 
GaAs. 
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Exciton  localization  in  semiconductors  containing  disorder  has  recently 
attracted  much  interest.  Excitons  localized  by  alloy  fluctuations  have  been 
studied  in  various  mixed  compounds.  Exciton  confinement  effects  by  stacking 
disorder  are  also  predicted  in  layered  materials  such  as  GaSe,  and  the  fine 
structure  of  exciton  ground  state,  observed  both  in  absorption  and 
reflectivity,  is  interpreted  in  terms  of  anisotropic  localization  by  the 
stacking  disorder  [ 1 ] .  However,  there  has  been  no  direct  experimental 
evidence  for  the  exciton  localization  by  layer  stacking  disorder.  In  the 
present  study,  we  performed  "hole  burning"  experiments  within  the  exciton 
line  and  confirmed  the  existence  of  the  localized  exciton  states  in  layered 
compound  GaSe. 

The  experiments  were  performed  on  platelets  (v20um)  of  e  -GaSe ,  cleaved 
fran  good  quality  single  crystals  perpendicular  to  the  c  axis.  The 
excitation  source  was  a  synchronously  mode-locked  dye  (rhcdamine  6G)  laser, 
whose  pulse  and  spectral  widths  were  M  ps  and  vl  meV.  The  output  laser 
energy  was  about  1 0'°v1  CThiarr^/pulse.  We  made  two  different  types  of  hole 
burning  experiments:  pulse  propagation  delay  and  pump-probe  experiments 
[2].  Stress  was  laid  on  the  propagation  delay  measurements.  The  propagation 
delay  of  the  pulse  through  the  sample  was  measured  by  cross-correlation 
technique.  Delays  in  the  linear  regime  were  removed  by  monitoring  the 
position  of  the  "coherent  spike".  For  pump-probe  experiment,  we  used  a 
one-laser  system  in  which  the  pump  and  the  probe  pulses  have  the  same 
frequency  and  only  the  absorption  change  at  the  peak  of  the  hole  is 
monitored.  All  measurements  were  made  at  120  K. 

Figure  1  shows  the  measured  absorption  spectrum  a (E)  of  the  n=1  free 
exciton  in  GaSe.  The  optical  polarization  was  perpendicular  to  crystal  c 
axis.  The  exciton  absorption  is  centered  at  2.086  eV  and  has  a  linewidth 
of  vIO  meV.  Since  polariton  effects  are  not  important  for  the  present 
optical  polarization,  the  exciton  line  is  considered  to  be  broadened 
inhomogeneous ly  as  a  result  of  stacking  disorder.  The  propagation  delay  of 
the  pulse  at  the  exciton  resonance  is  also  plotted  in  Fig.  1  as  a  function 
of  photon  energy.  At  energies  higher  than  the  peak  of  the  exciton  line, 
the  propagation  delay  is  too  small  to  be  observed.  The  delay  increases 
quickly  around  E=2.083  eV  and  decreases  gradually  at  lower  energies.  The 
maximum  delay  occurs  v3  meV  below  the  exciton  absorption  peak.  When  we 
decrease  the  pulse  energy,  the  position  of  the  maximum  delay  shifts  to 
lower  energy  and  the  delay  increases  at  lew-energy  side.  Further,  larger 
delays  are  observed  for  light  pulses  with  longer  durations.  This  behavior 
can  be  explained  by  hole  burning  by  the  pulse  in  the  inhomogeneous ly 
broadened  exciton  line.  Since  the  change  in  absorption  coefficient 
AaOCran  and  the  homogeneous  width  I'h>1  meV  in  GaSe  [3],  the  observed 
delay  cannot  be  interpreted  in  terms  of  the  model  proposed  by  Hegarty  [ 4 ] , 
where  the  delay  is  proportional  to  the  ratio  rh/Aa.  We  here  consider  the 
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Fig.  1  Absorption  coefficient  a (lower  trace)  of  the  n- 1  free  exciton  line 
at  120  K.  Upper  traces  represent  the  pulse  propagation  delays  for  two 
different  laser  energies:  10"5  (dashed  line)  and  5xlO”6  (solid  line)  JcrfVpuise. 
Dot -dash  curve  represents  the  change  in  transmission  AT/T  for  5  ps  delay. 


propagation  delay  caused  by  pulse  distortion  effects  due  to  incoherent 
bleaching  [51.  The  p  ' se  propagation  in  this  picture  is  envisaged  as 
follows.  The  early  part  of  the  pulse  burns  a  hole  and  is  strongly- 
attenuated,  while  the  remainder  of  the  pulse  passes  without  loss  through 
the  sample.  This  leads  to  the  propagation  delay  of  the  pulse. 

To  confirm  the  above  picture,  we  compared  the  experimental  data  with 
predictions  of  the  theory  of  saturable  absorber  transmission  [51.  In  the 
dynamical  transmission  model  described  in  Ref.  5,  the  temporal  variation  of 
transmittance  T  is  written  as 

d(lnT)/dt=2I(t)(1-T)/Es-(lnT-lnT0)/T,  (1  | 

where  I(t)  is  the  input  pulse  function,  E  is  the  saturation  energy  for 
the  absorber,  Tg  is  the  low-power  transmittance,  and  t  is  the  recovery- 
time  of  the  hole.  If  we  assume  that  the  hole  recovery  process  is  negligible 
on  the  time  scale  of  the  incident  pulse,  Eq.  (1)  can  be  solved  analytically 
and  T  is  obtained  as 

T'1  =  U(1-T0)T0-1exp[  vTt  Iptp<  1+erf  ( t/t  ) ) /Eg] .  (2) 
Here  we  assume  that  the  input  pulse  shape  is  gaussian: 
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Fig.  2  Experimental  (circles)  and 
theoretical  (solid  line)  laser  power 
dependences  of  the  propagation  delay 
at  the  energy  position  of  the  maximum 
delay.  The  maximum  laser  energy  I_utp 
is  10-5  Jcm_2/puise.  1 


I(t)=Ipexp(-t2/tp2)(  (3) 

where  I  is  the  peak  incident  intensity  and  tp  is  the  pulse  duration.  Since 
the  transmitted  intensity  is  T(t)Kt),  the  delay  of  the  peak 
transmittance  with  respect  to  the  input  pulse,  At,  is  given,  for  t<tp,  as 

At=6tp/(1+T0(1-T0)-1exp(/?S)),  (4) 

where  6 =Ipt_/Es.  It  is  found  from  Eq.  (4)  that  the  maximum  delay  occurs 
around  j  sT  and  the  delay  decreases  for  larger  and  smaller  values  of  3  . 
Since  E  aj,  the  observed  energy  dependence  of  the  delay  is  explained  well 
by  Eq.  ( 4 ) .  The  delays  are  slightly  overestimated  in  the  model.  We  consider 
that  this  overestimation  arises  from  neglect  of  the  "spectral  diffusion" 
effect  [6,7],  i.e.,  the  second  term  in  the  right-hand  side  of  Eq.  (1).  The 
intensity  dependence  is  another  check  of  the  validity  of  the  model.  A 
comparison  of  the  experimental  and  theoretical  ID  dependences  is  made  in 
Fig.  2.  The  agreement  between  theory  and  experiment  is  quite  satisfactory 
in  view  of  the  experimental  accuracy.  It  is  thus  concluded  that  the  exciton 
confinement  occurs  in  the  low  energy  tail  of  the  inhomogeneously  broadened 
line,  and  the  propagation  delay  of  the  light  pulse  is  explained  by  pulse¬ 
reshaping  effects  due  to  bleaching  of  the  exciton  resonance. 

The  result  of  one  laser  pump-probe  experiment  is  presented  in  Fig.  1 . 
The  change  in  transmission  AT  for  5  ps  delay  is  plotted  as  a  function  of 
photon  energy.  It  can  be  seen  that  excitation  on  low-energy  side  of  the 
line  bums  a  hole.  This  can  be  also  used  to  support  the  ideas  of 
localization  of  excitons  by  stacking  disorder.  The  high  energy  extremity  of 
the  region  where  hole  burning  occurs  (i.e.,  AT>0),  corresponds  well  to  the 
peak  of  propagation  delay  data.  This  is  other  evidence  for  the  fact  that 
the  propagation  delay  of  the  pulse  is  produced  by  hole  burning.  The 
difference  between  the  peak  position  of  both  data  is  interpreted  as 
follows.  In  propagation  delay  experiment,  large  delay  is  produced,  when 
saturation  occurs  at  the  trailing  part  of  the  pulse.  On  the  other  hand,  in 
pump-probe  experiment,  the  saturation  at  the  leading  part  of  the  pump  pulse 
leads  to  large  change  in  AT/T.  This  is  the  reason  that  the  peak  of  pimp- 
probe  data  is  situated  at  lower  energy.  The  contribution  of  spectral 
diffusion  would  also  be  important  in  accounting  for  this  difference. 
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In  conclusion,  we  have  presented  the  results  of  two  different  hole 
burning  experiments  in  the  n=1  free  exciton  line  in  GaSe.  Both  results 
support  arguments  for  partial  exciton  localization  by  stacking  disorder. 
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Time  resolved  transmission  and  reflectivity  measurements  with  fs-pulses  have 
been  performed  to  investigate  the  dominant  electronic  relaxation  channels  of  highly 
excited  InP  and  InGaAs  on  a  subpicosecond  time  scale  While  in  transmission  experi¬ 
ments  only  the  scattering  out  from  optically  coupled  states  can  be  studied/1.2/, 
reflectivity  transients  are  also  sensitive  to  the  temporary  occupation  of  the  satellite 
valleys  /3/. 

In  this  short  contribution  we  would  like  to  point  out  some  specific  differences 
between  InP  and  InGaAs  during  and  after  excitation  with  amplified  50fs-pulses  at 
2  eV.  The  change  of  bulk  reflectivity  and  of  transmission  through  thin  films  are  probed 
at  the  same  wavelength  with  pulses  as  short  as  50  fs  The  probe  beam  is  strongly 
attenuated  and  focussed  to  a  third  of  the  pump  spot  diameter  to  ensure  sufficient 
spatial  resolution  Combining  boxcar  and  lock-in  techniques  optical  changes  could  be 
detected  with  a  sensitivity  of  10'4  Thin  InP  and  InGaAs  films  grown  by  MOCVD  are 
glued  on  a  sapphire  substrate  The  substrate  is  removed  by  appropriate  etching  For 
comparison  InP  bulk  samples  and  thick  InGaAs-epilayers  are  used  in  reflectivity 
measurements 

In  Fig  1  the  transmission  changes  induced  during  the  first  picosecond  after  the 
excitation  are  shown  for  both  samples  and  orthogonal  polarization  of  pump  and  probe 
beams.  At  an  excitation  fluence  of  80  pJ/cm2  generating  8xl018  carriers  /cm3  InP 
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shows  much  more  instantaneous  bleaching  due  to  absorption  saturation  than  InGaAs 
The  maxima  of  transmission  are  split  in  time,  indicating  different  relaxation  rates 
After  an  ultrafast  initial  drop  which  follows  closely  the  trailing  edge  of  the  excitation 
pulse  the  transmission  of  InGaAs  merges  into  a  monoexponential  decay  with  a  time 
constant  of  Ips.  characteristic  for  the  cooling  of  hot  thermalized  earner  distributions 

This  initial  fast  drop  cannot  be  observed  in  InP.  The  major  portion  of  the  trans¬ 
mission  change  can  be  described  by  a  monoexponential  decay  with  a  time  constant 
of  T=0  34ps  These  results  lead  to  the  conclusion  that  in  InGaAs  the  absorption  sa¬ 
turation  is  primarily  limited  by  intervalley  scattering  of  electrons  with  scattering  times 
comparable  to  the  laser  pulseduration  (50  fs)  In  InP,  however,  this  ultrafast  relaxa¬ 
tion  channel  is  blocked  leaving  the  depopulation  of  optically  coupled  states  to  inter¬ 
carrier  collisions  and  intraband  phonon  interactions 

This  suggestion  is  supported  by  transmission  data  of  InP  which  we  have  performed 
with  different  probe  energies  up  to  2.5  eV  at  an  excitation  energy  of  2  eV.  These 
data  show  a  rapid  onset  of  absorption  saturation  The  broad  spreading  of  the  distribu¬ 
tion  already  during  the  pulse  excitation  demonstrates  that  ultrafast  intercarrier 
scattering  has  to  be  taken  into  account  in  studies  of  various  relaxation  channels 
The  striking  differences  between  InP  and  InGaAs  are  related  to  the  probability  of 
ultrafast  intervalley  scattering.  Due  to  the  high  electron  excess  energy  in  InGaAs 
(1.12  eV)  the  transfer  to  the  L-  and  X-valley  dominates  all  other  scattering  events 
The  excess  energv  in  InP  (0  55  eV)  is  not  sufficient  to  open  the  channel  into  the 
L-valley  located  0  61  eV  above  the  T-conduction  band  minimum 

Conclusive  information  on  occupation  of  satellite  valleys  via  intervalley  scattering 
in  InGaAs  is  provided  by  time  resolved  reflectivity  measurements  As  shown  previously 
negative  reflectivity  changes  indicate  occupation  of  higher  conduction  band  states  /3/ 
As  long  as  electrons  relax  within  the  central  valley,  only  positive  changes  of  the 
reflectivity  are  expected.  As  soon  as  a  significant  portion  enter  the  satellite  valleys 
the  reflectivity  is  reduced  due  to  the  dominance  of  negative  plasma  contributions 

In  Fig  2  the  relative  changes  of  reflectivity  are  plotted  for  the  same  absorbed 
fluence  of  45  J/cm3  While  the  reflectivity  of  InP  rises  continuously  during  the  ex¬ 
citation  pulse  and  approach  a  maximum  after  3  picoseconds,  the  reflectivity  of 
InGaAs  drops  during  the  pulse,  passes  through  a  minimum,  recovers  to  the  unper- 
tubated  value  within  a  picosecond  and  continues  to  rise  to  a  positive  maximum 
after  5-10  ps,  depending  on  the  density  of  carriers  created. 

The  negative  reflectivity  drop  in  InGaAs  proves  conclusively  the  ultrafast  accumula¬ 
tion  of  carriers  in  the  satellite  valleys  The  reflectivity  minimum  corresponds  to  a  mo¬ 
ment  at  which  the  internal  thermalization  Is  completed  and  the  carrier  density  at  the 
surface  reaches  a  maximum  The  recovery  of  the  reflectivity  and  the  following  turn  to 
positive  values  is  consistent  with  the  cooling  of  hot  carrier  distributions  refilling  the 
T-valley.  The  cooling  of  thermalized  carrier  distribution  is  found  to  slow  down  signifi¬ 
cantly  in  both  compounds  when  the  carrier  density  is  raised  from  a  1018  cm'3  level 
to  the  maximum  carrier  densities  around  10  cm  J  The  decrease  at  long  time  de¬ 
lays  is  governed  by  diffusion  rather  than  by  Auger  recombination  processes 
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Fig  2:  Reflectivity  changes  for  InP  and  InGaAs  for  Fxot  =  45J/cm 


In  summary  we  have  presented  several  specific  differences  in  the  relaxation 
behavior  of  InP  and  InGaAs.  Intervalley  scattering  is  shown  to  be  the  dominant  initial 
relaxation  process  in  InGaAs  while  in  InP  the  intercarrier  scattering  competes  with 
the  polar  optical  phonon  emission  Reflectivity  measurements  provide  the  final  evidence 
for  intervalley  scattering  in  InGaAs 

This  work  was  entirely  supported  by  the  "Deutsche  Forschungsgemeinschaft" 
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1.  Introduction 

Numerous  investigations  on  the  phase  transition  of  silicon  during  picosecond  laser 
annealing  have  been  performed  in  recent  years.  It  has  been  well  established  that  the  silicon 
surface  melts  during  a  picosecond  laser  pulse.2  Because  liquid  silicon  is  a  metal,  the  reflectivity 
increases  on  melting.  This  has  indeed  been  observed  using  optical  pump-and-probe 
techniques.2-4  Standard  picosecond  pump-and-probe  measurements,  however,  have  some 
serious  inherent  drawbacks.  First,  they  cannot  resolve  reflectivity  changes  that  occur  on  a  time 
scale  of  a  few  picoseconds,  because  they  integrate  over  the  duration  of  the  probe  pulse 
(typically  20  ps  or  more).  Second,  they  determine  the  time  profile  of  the  reflectivity  for  every 
pump  fluence  in  a  step-wise  manner  by  varying  the  delay  between  the  pump  and  the  probe 
pulse.  This  introduces  a  large  amount  of  scatter  in  the  data  points,  due  to  shot-to-shot 
variations  in  the  pump  fluence,  and  requires  a  large  amount  of  data  to  be  taken  for  every  time 
profile  of  the  reflectivity.  Also,  they  provide  no  spatial  information  on  the  melting  process. 

To  obtain  spatial  resolution,  a  better  time  resolution,  and  to  measure  the  time  profile  of 
the  reflectivity  on  a  single-shot  basis,  we  use  a  streak  camera  with  a  time  resolution  of  1.8  ps 
for  the  detection  of  the  probe  pulse. 

2.  Experimental  setup 

The  frequency-doubled  output  (30  ps,  532  nm)  of  a  mode-locked  Nd:YAG  laser  is  split 
into  a  probe  and  a  pump  pulse.  The  duration  of  the  probe  pulse  is  stretched  by  splitting  it  in 
four,  delaying  the  four  resulting  pulses  with  respect  to  each  other,  and  recombining  them 
spatially  to  form  a  longer  probe  pulse  of  120  ps  duration.  The  probe  pulse  then  images  an  area 
around  the  100-pm  wide  melting  area  onto  the  entrance  slit  of  a  streak  camera  (Hamamatsu 
Photonics  C1587). 

The  entrance  slit  of  the  camera  is  split  into  two  parts.  The  larger  part  is  used  to  image 
the  probe  pulse,  the  smaller  part  to  image  a  fraction  of  the  pump  pulse.  The  latter  acts  as  the 
timing  reference. 

To  enhance  the  sensitivity  of  our  measurements,  the  probe  pulse  is  p-polarized  and  the 
probe  angle  of  incidence  is  chosen  to  be  65°,  close  to  Brewster's  angle.  At  this  angle  the 
reflectivity  of  solid  silicon  is  small  (about  10%),  leading  to  an  increase  in  reflectivity  on  melting 
of  a  factor  of  8. 
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Fig.  1.  Streak  camera  images  of  laser  melting  of  silicon.  Laser  fluence  is  470  mJ/cm2.  The 
white  lines  in  (a)  indicate  the  region  used  for  analysis  of  the  reflectivity. 


3.  Results  and  Discussion 


The  streak  images  of  two  measurements  are  sh  jwn  in  Figs,  la  and  lb.  The  time  axis  is 
displayed  vertically,  with  time  increasing  from  top  to  bottom.  The  full  height  of  the  image 
corresponds  to  190  ps.  The  horizontal  axis  reflects  the  spatial  profile.  The  pulse  shown  on  the 
left  side,  with  a  width  of  about  30  ps,  is  the  pump  pulse.  The  stretched  probe  pulse  covers 
most  of  the  image.  The  bright  part  is  where  the  silicon  surface  is  melting.  Spatially  it  reflects 
the  Gaussian  intensity  profile  of  the  pump  pulse.  The  time  profile  allows  one  to  study  the 
melting  dynamics. 

Both  measurements  were  performed  at  the  same  laser  fluence.  In  the  case  shown  in 
Fig.  1  b,  some  surface  irregularity  leads  to  the  formation  of  a  plasma  on  the  surface  in  the 
region  where  the  absorbed  energy  is  highest.  The  plasma  scatters  the  incoming  probe  light, 
leading  to  the  dark  area  in  the  center  of  the  melting  region.  This  clearly  emphasizes  the  need  for 
spatial  resolution.  An  integrating  detector  would  give  rise  to  erroneous  conclusions  about  the 
reflectivity.5 

Fig.  2  shows  the  reflectivity  profile  at  the  center  of  the  melting  region,  between  the  two 
white  lines,  in  Fig.  la.  The  reflectivity  reaches  the  value  for  liquid  silicon  within  the  30-ps 
duration  of  the  pump  pulse.  The  high  time  resolution  of  the  streak  camera  enables  us  to 
confirm  that  the  reflectivity  follows  the  trend  predicted  by  numerical  simulations  of  heating 
above  the  melting  temperature  in  silicon.3  According  to  a  Drude  model  one  expects  a  decrease 
in  reflectivity  of  molten  silicon  when  it  is  heated  above  the  melting  temperature.  The  laser 
fluence  in  Figs,  la  and  lb  is  470  mJ/cm2  which  is  more  than  twice  as  large  as  the  melting 
threshold  for  silicon  (200  mJ/cm2).  A  numerical  solution  of  the  one-dimensional  heat  equation 
shows  that  at  this  fluence  the  temperature  of  the  liquid  silicon  exceeds  the  melting  temperature 
by  more  than  1000  K. 

Measurements  with  longer  and  more  uniform  probe  pulses  are  currently  in  progress. 


Fig.  2.  Reflectivity  of  silicon  during  melting  with  a  picosecond  laser  pulse.  R0  is  the 
reflectivity  of  solid  silicon.  The  lower  trace  shows  the  intensity  of  the  pump  pulse. 
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The  study  of  the  initial  carrier  relaxation  in  disordered  and  amorphous  semiconductors 
has  gained  increasing  interest  within  the  last  years  / 1  /.  In  particular,  the  relaxation  of 
carriers  from  extended  into  localized  electronic  states  across  the  so-called  "mobility 
edge"  has  attracted  considerable  attention.  So  far  these  experiments  have  been 
performed  by  excite  and  probe  techniques  which  examine  the  photoinduced  changes  of 
the  absorption.  We  report  the  first  subpicosecond  transient  grating  experiments,  which 
according  to  our  interpretation,  provide  a  very  convenient  means  to  study  extended  state 
relaxation  and  localization  in  amorphous  materials.  Furthermore,  wo  have  performed 
nondegenerate  transient  grating  experiments  with  a  compressed  Nd:YAG  pulse  (  A  = 
1.06  pm)  for  probing  the  photoinduced  grating  in  order  to  eliminate  the  contribution  of 
interband  absorption. 

The  degenerate  transient  grating  experiments  are  performed  with  a  hybridly  mode 
locked  and  cavity  dumped  linear  dye  laser  system  synchronously  pumped  by  a  frequency 
doubled  ( K TP)  mode  locked  Nd:YAG  laser.  Rh6G  was  used  as  the  gain  medium  and 
DODCI  as  the  saturable  absorber.  Two  Gires-Tournois  interferometer  (GT1)  plates  are 
employed  for  adjustable  group  velocity  dispersion.  A  cavity  dumper  is  used  as  the  output 
coupler  to  reduce  the  repetition  rate  and  enhance  the  peak  power  of  the  output  pulses. 
The  autocorrelation  trace  of  the  output  pulses  at  620  ntn  at  a  repetition  rate  of  1.5  MHz 
amounted  typically  to  about  360  fs  (FWHM).  Pulse  energy  typically  is  about  5  nJ  under 
these  conditions.  Pulses  with  a  wavelength  of  585  nnt  with  similar' characteristics  could 
be  produced  as  well  by  changing  the  GTI  assembly  conditions.  The  nondegenerate 
transient  grating  experiments  are  performed  with  visible  pulses  from  a  standard 
synchronously  pumped  and  cavity  dumped  dye  laser  and  synchronized  1.06  pm  Nd:YAG 
pulses  compressed  in  a  1  km  single  mode  fiber  and  two  1700  /mm  gratings  used  in  a 
double  pass  configuration.  Compressed  pulses  with  a  FWHM  of  the  autocorrelation  trace 
of  1.9  ps  at  a  repetition  rate  of  76  MHz  are  obtained.  The  time  resolution  of  the 
nondegenerate  transient  grating  experiments  is  determined  by  a  crosscorrelation  of  the 
1.06  /run  pulses  with  the  visible  dye  laser  pulses  to  7  ps.  which  proves  the  good 
synchronization  of  the  cavity  dumped  dye  laser  and  the  compressed  NdrYAG  pulse  train. 

Hydrogenated  amorphous  silicon  (a-Si.Tl)  films  with  0.25  pm  to  1  pm  thickness  are 
deposited  by  glow  discharge  on  quartz  glass  substrates.  The  transient  gra'ing 
experiments  are  performed  at  room  temperature.  Two  parallel  polarized  pump  beam.-  are 
focussed  on  the  sample  without  time  delay  to  generate  the  light  induced  transient 
grating.  The  first  order  diffracted  light  intensity  of  either  an  orthogonally  polarized 
weaker  part  of  the  dye  laser  output  (degenerate  transient  grating!  or  the  compressed  lit 
pulses  (nondegenerate)  was  measured  as  a  function  of  delay  time  with  respect  to  the 
pump  pulses. 

1’he  time  behavior  of  the  transient  grating  signal  in  a  degenerate  experiment  performed 
with  subpicosecond  time  resolution  is  shown  in  Fig.  1.  The  laser  photon  energy  is  larger 
than  the  optical  gap  Eo-t  Two  time  regimes  can  be  clearly  identified:  The  initial  fast 
component  disappears  within  a  few  picoseconds  whereas  a  slow  component  decays  within 
several  nanoseconds  for  a-Si:H  films  with  low  defect  densities 
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Fig.  1  Degenerate  transient  grating  signal  versus  probe  pulse  delay  time  at  300K 
(E04)  =  E(a  -  10  4  cm'1) 


The  diffraction  of  the  probe  beam  in  the  transient  grating  experiments  can  be  caused  by 
an  absorption  and/or  refractive  index  grating  induced  by  the  photoexcited  population 
grating.  The  initial  fast  component  has  to  be  attributed  to  a  change  of  absorption  and/or 
refractive  index  during  relaxation  of  the  photoexcited  carriers,  because  diffusion  and 
recombination  can  be  neglected  on  this  time  scale  in  a-Si:H.  We  conclude  that  the 
diffraction  is  dominated  by  a  refraction  index  grating,  since  the  photoinduced  absorption 
at  the  same  photon  energy  (Epr0be  >  E04)  does  not  exhibit  a  fast  component  /2,3 /.  In 
fact,  a  fast  component  in  the  photoinduced  absorption  has  only  been  observed  for  lower 
energies  (Epr0be  <  E04)  due  to  bleaching  of  the  interband  transitions  by  relaxation  of  the 
photoexcited  carriers  into  tail  states  /l. 3/.  In  order  to  eliminate  the  possible  effect  of 
bleaching  of  the  interband  transitions  in  the  transient  grating  signal  we  have  performed 
the  nondegenerate  experiments,  because  interband  absorption  at  1.06  pm  (1.16  eV)  is 
very  weak  in  a-Si:H.  The  experimental  result  of  a  nondegenerate  transient  grating 
experiment  is  shown  in  Fig.  2. 


Fig.  2  Nondegenerate  transient  grating  signal  versus  IR  probe  pulse  delay  at  300 K 
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We  observe  again  a  fast  component  similar  to  the  degenerate  experiment.  Thus  this  fast 
component  cannot  be  attributed  to  bleaching  of  interband  transitions,  which  confirms 
our  interpretation  that  the  fast  component  in  the  transient  grating  signal  is  due  to 
refractive  index  changes  caused  by  the  inital  relaxation  of  photoexcited  carriers  across 
the  mobility  edge.  The  constant  background  of  the  signal  in  the  nondegenerate 
experiment  is  due  to  the  high  repetition  rate  of  the  1R  probe  pulse  compared  to  the 
repetition  rate  in  the  degenerate  case.  The  efficiency  of  the  photoinduced  diffraction 
grating  obviously  does  not  decay  within  13  ns  -  apart  from  the  fast  changes  -  indicating 
that  relaxation  within  the  localized  states  does  not  change  the  diffraction  efficiency 
opposite  to  relaxation  between  extended  and  localized  states.  A  time  constant  for  this 
initial  relaxation  of  about  4  ps  can  be  deduced  from  the  data  of  Fig.  1  for  a— Si:H. 


In  conclusion,  we  have  demonstrated  that  subpicosecond  transient  grating  experiments 
are  a  powerful  tool  to  investigate  the  very  fast  carrier  relaxation  processes  in  amorphous 
and  disordered  semiconductors.  By  comparing  the  results  of  degenerate  and 
nondegenerate  experiments  we  have  been  able  to  show  that  the  relaxation  of  carriers 
from  extended  into  localized  states  causes  a  change  of  the  refractive  index.  The  time 
constant  for  this  relaxation  process  is  about  4  ps  for  a-Si:H. 
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Previous  studies  Cl]  have  shown  that  II-VI  semiconducting  compounds  exhibit  very 
strong  optical  nonlinearities  in  the  vicinity  of  the  fundamental  absorption  edge  at 
room  temperature.  They  are  related  to  specific  many-body  effects  (sreening,  gap- 
shrinkage,  bandfilling)  in  the  carrier  system  excited  and  make  these  materials 
good  candidates  for  various  applications  in  the  visible  spectral  range  In  this  paper 
we  report  on  measurements  of  the  femtosecond  dynamics  of  these  nonlmearities 

Using  the  amplified  output  of  a  CPM  laser  [2]  at  618  nm  with  a  pulse  duration 
of  110  fs.we  have  studied  three  different  situations  in  an  excite-and-  probe 
geometry: 

(i)  above-gap  excitation  of  pure  CdSe, 

(II)  below-gap,  exciton  resonant  excitation  of  CdSxSe,^ xand,  for  comparison, 

(iii)  excitation  of  a  commercial  filter  made  from  CdSxSe,.x  microcrystallites 
embedded  in  glass. 

In  accord  with  earlier  experiments  on  the  ns-  and  ps-time  scale  [1]  we  have 
observed  in  all  three  situations  a  pronounced  increase  of  the  probe  transmission  . 
however,  with  a  different  time  behaviour  .  For  the  filter  (Fig  la  )  the  transmission 
rise  follows  the  pump  and  no  recovery  is  seen  within  1  ps  The  excitation  is  here 
only  slightly  above  the  absorption-edge  and  the  nonlinearity  is  caused  by  the  filling 
and  associated  blocking  of  the  low-energy  slates  in  the  micro-crystallites  Thus, 
the  recovery  is  controlled  by  the  carrier  recombination  of  some  ten  ps  (3) 

For  exclton-resonant  excitation  (Fig,  1b)  of  bulk  CdSSe  we  find  a  distinct 
coherence  peak,  followed  by  a  plateau  and  subsequent  recovery  with  a  time 
constant  of  about  250  fs.  To  separate  coherent  interaction  and  that  originating 
from  real  carriers  we  have  studied  the  first-order  diffraction  from  the  transient 
grating  produced  by  pump  and  probe  together  .  A  slight  asymmetry  of  the  efficiency 
(Fig. 2  )with  respect  to  probe  ahead  or  behind  pump  is  found,  which  we  attribute 
to  the  exciton  dephasing  with  a  characteristic  time  of  about  50  fs  Substracting 
the  coherence  part  In  Fig,  1b  we  get  a  switch-on  time  for  the  nonlinearity  via 
carriers  somewhat  below  100  fs  Physically,  this  Is  the  time  necessary  for  the 
ionization  of  excitons  by  LO-phonon  absorption  resulting  in  tree  carriers  screening 
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Fig.  1 

Probe  beam  transmission 
versus  pump-probe  delay 
(  pump:  1  mj  /cm2  ,  probe: 
0.01  mj  /cm2  ) 

a)  Above-  edge  excitation  of 
a  commercial  filter  RG  S 
(  thickness  d-lmm) . 

b)  B-excIton  resonant  excita¬ 
tion  of  CdSxSe1_)t  (  d=3  pm). 
A  value  of  x  =  0  32  is  used 
to  match  the  618  nm  laser 
output. 

c)  2S0  meV  above-gap  exci¬ 
tation  of  CdSe  (d=0.3  pm). 

All  data  are  taken  at  room 
temperature 


out  the  ex  c  it  on  resonance.  Simultaneously  the  gap  shrinks,  so  that  the  actual  band 
edge  is  below  the  excitation  frequency  at  larger  delays  and  a  complex  carrier 
dynamics  sets  in  leading  to  a  nearly  constant  probe  transmission.  Currently,  we 
attribute  the  very  fast  recovery  to  the  decay  of  the  non-thermal  earners  at  the 
excitation  frequency  down  to  the  band  bottoms  (cf.FIg.  1c  ).  Note,  that  at  room 
temperature  there  is  no  essential  difference  between  the  linear  levels  of  the 
belc  v-gap  exciton  and  above-gap  continuum  absorption. 


For  250  meV  above-gap  excitation  of  CdSe  (Fig.  1  c)  no  clear  coherence  peak 
is  seen  ,  since  we  produce  directly  carriers  with  very  rapid  dephasing  the  first- 
order  efficiency  follows  instantaneously  the  pump  pulse  in  this  case  (see  Fig. 2). 
The  pump  polarization  was  chosen  parallel  to  the  crystal  axis  c,  so  that  primarily 
only  B-holes  were  excited.  We  observe  essentially  the  state-filling  dynamics  of 
the  carriers  studied  at  low  temperature  In  (3)  with  a  switching  contrast  much 
smaller  than  for  exciton  - resonant  excitation  In  Fig.  1b  However ,  we  find  different 
results  for  probe  polarization  parallel  and  perpendicular  to  c.  In  the  first  case 
(upper  curve  in  Fig.  1  e  )  t  he  absorptlonbleaching  due  to  B-holes  Is  probed  and, 
accordingly,  no  delay  of  the  respective  transmission  Increase  is  seen  But,  using 
probe  polarization  perpendicular  c,  we  monitor  the  bleaching  due  to  A-holes, 
which,  in  fact,  shows  up  delayed  to  that  of  B-holes.  Thus,  we  have  directly 
observed  the  B-  to  A-hole  conversion  in  CdSe  which  takes  about  80  fs 
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First-order  diffraction  signal 
versus  pump-probe  delay  for 
b)  and  c)  in  Flg.1 


In  conclusion,  we  have  observed  a  variety  of  basic  processes  of  the  light-matter 
interaction  in  the  direct-gap  ll-VI's.  The  data  presented  in  our  paper  directly 
demonstrate  that  these  semiconductors  can  be  used  for  optical  switching  and  logic 
operations  in  the  subpicosecond  range,  in  particular,  for  the  exciton-  resonant 
nonlinearity  of  Fig.  1b.  In  this  situation,  high  contrast,  fs-recovery,  and  room 
temperature  distinguish  the  wide-gap  ll-VI  compounds  from  other  materials. 
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Nonlinear  Process-Induced  Higher-Order  Components 
of  a  Picosecond  Transient  Grating  in  CdS 

//.  Saito  and  A.  Watanabe 

Department  of  Applied  Physics,  Okayama  University  of  Science, 
Ridai-cho  1-1,  Okayama  700,  Japan 


Transient-induced  grating  experiments  have  been  widely  used  to  study  the  dynamics  of  dif¬ 
fusion,  relaxation  and  recombination  of  photoexcited  carriers  in  solids./1/  We  demonstrate 
that  the  simultaneous  observation  of  the  decay  of  different  diffraction  orders  is  required  to 
provide  full  information  on  the  dynamics  of  excited  carrier  system./2/  Experiments  were 
performed  by  monitoring  simultaneously  the  temporal  behavior  of  the  first-  and  second- 
order  diffraction  intensity  of  transparent  probe  pulses  due  to  a  free-carrier  index  grating 
produced  in  CdS  by  interference  of  two  picosecond  light  pulses.  As  the  excitation  light 
source,  the  third-harmonic  pulses  (  355nm  )  of  an  active-passive  mode-locked  Nd:YAG  laser 
(  pulse  width  of  25ps  )  were  used.  As  the  probe  pulses  the  second-harmonics  (  532nm  )  of 
the  NdiYAG  laser,  which  is  transparent  for  CdS,  were  used.  Measurements  were  made  for 
three  different  spacings  at  the  temperatures  from  10K  up  to  140K. 


Experimental  results  for  the  diffraction  intensity  versus  time  delay  measured  at  140K 
are  shown  in  Fig.l.  The  solid  and  open  circles  correspond  to  the  first-order  [  l^/1'  ]  and 
second-order  [  ldif<2)  ]  signals,  respectively.  It  is  noted  that  both  signals  decay  exponen¬ 
tially,  and  that  the  decay  constant  of  ldif<2>  is  just  half  of  that  of  ldif< 1 U  The  ratio  of  ldl(<2) 


to 
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l1'  (  squares  in  Fig.l  ),  therefore,  decays  in  the  same  manner  as  L^1!  which  is  rep¬ 


resented  by  solid  line.  In  F;g.2  are  summarized  experimental  results  measured  at  10K.  The 
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Fig.l  Observed  diffraction  intensity  in  the 
first-order,  ldlf( 1  >  (  filled  circles  )  and  the 
second-order,  ldlf(2)  (  open  circles  )  as  a 
function  of  time  delay  for  a=2.9  pm  mea¬ 


sured  at  T 


bath 


=140K.  Solid  and  dotted  lines 


indicate  the  exponential  decay  with  the  time 
constant  of  540  and  270  ps,  respectively. 
Excitation  energy,  lexc  of  1  pj  corresponds  to 
A -2  9  |im  |  a  power  density  of  about  10  MW/cm2 
throughout  this  work. 


200  400 

t  (  ps  ) 


600 


Springer  Series  in  C"lu*iiiiriil  I’liywes,  \ol.-IMi  Ultrafast  IMietioiiieuu  VI 
Editors.  T.  Yajima  •  K .  Ynsliihara  •  C.B.  Harris  *S  Shionoya 
©  Springer- Verlag  Berlin  Heidelberg  IDS8 


Tbath=10K  for  three  grating  spacings; 

Fig. 2  Observed  diffraction  intensity  A=7.9  pm  (  open  circles  ),  A=4.0  pm 

in  the  ld  jf( 1 )  (  filled  circles  )  and  (  filled  circles  )  and  a=2.9  pm  (squares). 

I jjj(2)  (  open  circles  )  at  Tb_,h=l  OK.  Solid  and  dashed  curves  indicate  the  calcu- 

Solid  curves  are  the  calculated  dif-  iated  ratio,  Idift1 )( A /2)/lcfjf(1  >(A),  for 

fraction  intensities.  p=1.2x1010  S'1  and  D=8  cm2/s. 


intensity  scale  for  Uf(2*  (  open  circles  )  is  shifted  with  respect  to  ldjf(1)  (  solid  circles  ), 
so  that  the  data  for  T^1 )  and  those  for  ld|{(2)  nearly  coincide  in  the  later  time  regime.  In 
contrast  to  the  results  at  high  temperature  (  Fig.1  ),  both  !di,(1)  and  ldj/2)  decay  nonexpo- 
nentially  and  shows  roughly  the  same  decay  time  in  the  later  time  regime.  These  decay 
characteristics  can  be  clearly  seen  by  the  plots  shown  in  Fig. 3,  where  the  experimental  re¬ 
sults  for  the  ratio  l<ji/2,/Uf(1  for  ,he  same  data  as  shown  in  Fig. 2  are  depicted.  It  is  found 
that  the  obtained  ratio  only  for  A=2.9  pm  decays,  but  another  two  (  A=4.0  and  7.9  pm  )  in¬ 
crease  with  time  delay. 

The  diffraction  of  the  probe  beam  is  due  to  the  spatially  periodic  change  of  the  refractive 
index  of  the  sample  induced  by  free  carriers  or  excitons,  which  is  proportional  to  the  carri¬ 
er  or  the  exciton  density.  The  intensity  of  the  n-th  diffraction  order  due  to  a  sinusoidal 
grating  with  the  spacing  of  A  in  the  Raman-Nath  regime,  ldi*tn)(A),  becomes  in  proportion 
to  2n  power  of  the  difference  of  the  free  carrier  density  at  the  peak  of  the  grating  and  its 
minimum./3/  Thus  the  decay  time  of  ldi^2^(A)  should  become  just  half  of  that  of 

ldjf(1)(A).  The  results  shown  in  Fig.1  are  in  accordance  with  this  prediction.  The  results 
shown  in  Figs.  2  and  3,  on  the  contrary,  cannot  be  simply  described  by  the  second-order  dif¬ 
fraction  due  to  the  a  sinusoidal  grating. 

Nonlinear  processes,  such  as  bimolecular  recombination  of  electrons  and  holes  and  free 
carrier-to-exciton  Mott  transition,  result  in  a  deformation  of  the  shape  of  the  grating, 
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which  leads  to  the  occurrence  of  higher-order  Fourier  components,  e.g.,  the  doubled  period 
in  the  diffraction  grating.  Calculation  of  diffraction  intensities  in  the  presence  of  a  nonline¬ 
ar  process  is  performed  by  solving  the  nonlinear  continuity  equation  which  describes  the  de¬ 
cay  of  the  grating  due  to  the  nonlinear  relaxation  process  and  the  diffusion  of  carriers.  An 
approximate  solution  assumed  for  the  equation  is  expanded  into  a  Fourier  series.  The  j-th 
Fourier  component  corresponds  to  the  grating  with  the  period  of  A/j,  and  yields  the  diffrac¬ 
tion  intensity  in  the  n-th  order,  i.e.,  ldl)<n)(A/j). 

Solid  curves  in  Fig. 2  represent  and  )(A/2),  the  first-order  intensity  for 

A  (  j=1  )  and  A/2  (  j=2  )  components,  calculated  for  (5  (  bimolecular  relaxation  rate  ) 

=  1.2x1010  s'1  and  D  (  ambipolar  diffusion  coefficient  )=  8  cm2/s.  [  In  this  calculation  the 
contribution  of  ldif(2)(A)  to  the  second-order  diffraction  intensity  is  neglected.]  Solid  and 
dashed  curves  in’  Fig. 3  indicate  the  calculated  ratio,  ldjf(2){A)/ldj((i)(A)  for  the  same  p  and 
D  values  as  in  Fig. 2.  The  dashed  curves  for  a=4.0  and  2.9  pm  are  also  the  calculated  results 
but  are  shifted  so  as  to  fit  well  to  the  respective  data  points.  It  is  noted  that  agreement  be¬ 
tween  the  experimental  and  calculated  results  is  good  as  far  as  the  time-dependence  is  con¬ 
cerned.  Similar  results  are  obtained  for  the  data  measured  under  different  excitation  inten¬ 
sities  and  also  those  measured  at  40K, 

The  obtained  rate  of  p=(1~1 .5)x1010  s'1  is  much  smaller  than  the  bimolecular  recombi¬ 
nation  rate  for  the  degenerate  plasma  of  about  lO^s^.M/  At  carrier  temperatures  ap¬ 
proximately  below  60K  for  CdS,  exciton  molecule:  are  thermally  stable.  For  nondegenerate 
plasma  the  recombination  of  free  carriers  is  of  minor  importance  and  very  fast  recombina¬ 
tion  of  the  exciton  molecule  determines  the  decay  of  the  free  carrier  and  the  exciton  system. 
Taking  these  facts  into  consideration,  we  can  conclude  that  the  p  values  obtained  above  are  de¬ 
termined  mainly  by  the  free-carrier  to  exciton  Mott  transition. 

At  temperatures  above  60K,  where  the  exciton  molecule  is  thermally  dissociated,  thermal 
equilibrium  is  established  between  the  exciton  and  the  free  carrier.  Then  the  exciton  density 
becomes  in  proportion  to  the  square  of  the  free  carrier  density.  This  nonlinear  relation  also 
brings  about  the  exciton  grating  with  doubled  period  in  the  free  carrier  grating.  With  fur¬ 
ther  increase  of  the  temperature  up  to  about  140K,  the  exciton  density  becomes  negligibly 
small  because  of  thermal  dissociation,  and  no  higher-order  Fourier  components  result  in. 
Thus  the  observed  results  in  Fig.l  are  in  perfect  agreement  with  the  theoretical  predictions 
for  an  ideal  sinusoidal  grating. 

These  results  demonstrate  that  the  spatial  resolution  in  transient-induced  grating  experi¬ 
ments  can  be  extended  to  a  microscopic  scale  by  inclusion  of  higher  diffraction  orders,  thus 
opening  new  areas  for  the  study  of  carrier  dynamics  in  solids  in  picosecond  and  subpicosecond 
time  scales. 

The  authors  acknowledge  E.O.  Gobel  for  helpful  discussion.  The  experimental  work  was 
performed  at  the  Max-Planck-lnstitut  fur  Festkorperforschung,  Stuttgart,  F.R.  Germany. 
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Dynamics  of  Exciton-Polariton  Luminescence  with 
High  Repetition  Tunable  UV  Picosecond  Pulses 
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1  The  Institute  for  Solid  State  Physics,  University  of  Tokyo, 
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Recent  advances  in  cw  mode-locked  picosecond  lasers  enable  us  to  measure  a  time- 
resolved  exciton  luminescence  under  a  weak  excitation  condition,  which  is  desirable 
for  the  study  of  the  dynamics  of  excitons  and  exciton-polaritons[lj.  However,  such 
measurements  have  been  difficult  in  the  UV  region  because  of  the  limitation  of 
light  sources. 

The  lowest  exciton  state  of  CuCl,  named  Z3  exciton,  whose  resonance  energy  lies 
in  the  UV  region  at  3.202  eV;  has  a  simple  electronic  structure,  and  its  polariton 
parameters  are  well  established[2].  Thus,  this  exciton  state  is  quite  suitable  for  the 
basic  study  of  the  dynamics  of  exciton-polaritons.  For  this  purpose,  we  have 
developed  a  high  repetition  rate  tunable  UV  picosecond  light  source  by  means  of 
sum  frequency  generation.  By  virtue  of  the  high  repetition  rate  (82MHz),  one  can 
measure  the  photo-luminescence  under  a  weak  excitation  condition  with  high  signal 
to  noise  ratio.  In  this  report,  we  present  our  recent  results  on  the  time  resolved 
exciton  luminescence  of  CuCl  at  liquid  helium  temperature[3]  and  liquid  nitrogen 
temperature. 

Figure  1  shows  the  schematic  diagram  of  the  generation  of  UV  pulses.  The 
output  of  a  cw  mode-locked  YAG  laser  is  frequency  doubled  to  pump  a  tunable 
dye  (Rhodamine  GG)  laser.  The  residual  YAG  laser  pulse  and  the  output  pulse  of 


PBP :  Pel  I  in  Broca 
Prism 


Fig.l.  Block  diagram  of  the  UV 
pulse  generation  system. 
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the  dye  laser  are  mixed  in  a  £-BaB204  crystal  (type  I  phase  matching).  The 
wavelength  of  the  up-converted  UV  pulse  is  tunable  from  375  to  395  nm  by  tuning 
the  dye  laser  and  the  orientation  of  the  crystal.  The  pulse  duration  and  the 
spectral  bandwidth  of  the  UV  pulse  are  8ps  and  3A  which  are  determined  by  the 
dye  laser.  The  pulse  duration  is  actually  obtained  by  the  autocorrelation 
measurement  using  biexciton  two-photon  excitation  in  CuCl.  The  average  output 
power  is  about  5m W  when  the  input  power  of  the  YAG  laser  and  that  of  the  dye 
laser  are  2-.5W  and  250mW. 

We  measured  the  temporal  behavior  of  the  free  exciton  emission  from  high 
purity  single  crystals  of  CuCl  at  4.2  K.  The  emission  was  analyzed  with  a  50  cm 
monochromator  and  a  synchroscan  streak  camera.  In  the  backward  emission  from 
a  thick  sample,  it  is  found  that  the  decay  of  the  exciton  luminescence  has  a  very 
strong  excitation  frequency  dependence.  When  the  excitation  frequency  is  in  the 
transparent  region  of  the  upper  branch  polariton  of  Z3  exciton,  the  free  exciton 
emission  shows  a  slow  decay  with  a  decay  time  of  about  300  ps.  When  the 
excitation  frequency  is  high  and  at  resonance  with  the  Z12  exciton  where  the 
absorption  coefficient  for  the  excitation  beam  is  very  large,  the  free  exciton 
emission  decays  rapidly  with  the  decay  time  shorter  than  the  time  resolution  of  our 
measurement  system,  about  80  ps.  To  clarify  the  origin  of  this  difference,  we 
measured  the  frequency-resolved  temporal  behavior  of  the  forward  and  backward 
emission  from  a  thin  sample  ^.6n  m)  under  the  excitation  at  the  Z12  exciton 
resonance.  Figure  2  shows  the  results[3).  Each  curve  does  not  show  a  type  of  a 
simple  exponential  decay  but  a  pulse  type.  The  delay  times  of  these  pulses 


3 

TO 


(/> 

C 

TO 


TO 

O 

c 

TO 

O 

<0 

TO 

C 

I 

3 


Time  (ns) 

Fig. 2.  Temporal  responses  of  the  Z3  exciton  luminescence  under  the  excitation  of 
the  Z12  exciton  resonance  at  4.2K  for  various  photon  energies  of  luminescence 
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(b) 


(a) 


Fig.3.  Time  integrated  luminescence  spectra  (a)  and  the  temporal  responses  (b)  of 
the  Z3  excitons  at  77K  in  the  forward  and  the  backward  directions 


correspond  to  the  propagation  with  the  polariton  group  velocity  [4].  These  results 
show  the  excitation  is  strongly  inhomogeneous  along  the  beam  direction,  and  that 
the  Z12  excitons  decay  to  the  Z3  exciton-band  within  a  very  short  time.  We  also  did 
the  similar  experiments  at  liquid  nitrogen  temperature.  The  forward  and  backward 
luminescence  spectra  show  different  line  shapes  as  shown  in  Fig.3(a).  Figure  3(b) 
shows  a  typical  example  of  the  temporal  profile  of  the  forward  emission.  It  has 
rather  long  decay  tail  of  about  200ps.  This  implies  that  at  liquid  nitrogen 
temperature  the  excitons  are  frequently  scattered  by  phonons,  and  thus  the  exciton 
polariton  concept  fails. 


In  conclusion,  under  the  weak  excitation  with  UV  picosecond  pulses,  the 
polariton  propagation  effects  are  found  to  play  an  essential  role  in  the  temporal 
profile  of  the  exciton  luminescence  at  4.2K.  It  is  also  four.d  that  at  77K  the  exciton 
phonon  interaction  becomes  important  and  the  polariton  picture  loses  its 
significance.  The  experiments  between  4.2K  and  77K  are  in  progress. 
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Picosecond  Dynamics  of  Exciton  Polaritons 
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Evolution  and  decay  kinetics  of  exciton  polaritons  photo-generated  in  semicon¬ 
ductors  at  low  temperatures  are  governed  by  the  following  various  processes: 
(l)initial  formation  of  transient  population  of  polaritons  in  real-  and 
k-spaces  inside  a  crystal.  (2) propagation  of  polaritons  with  their  group 
velocity.  (3) intraband  scattering  by  phonons  or  impurities  resulting  in  the 
momentum  relaxation  along  with  the  polariton  dispersion  curve,  (4 ) trapping  at 
impurities  and  defects  inside  the  crystal  and/or  at  the  surface  as  non- 
radiative  decay,  and  (5)escape  from  the  surface  as  radiative  decay. [1-3] 
Especially  (2)  and  (3)  are  important  in  the  polariton  concept  and  together 
with  (1)  they  influence  the  temporal  behavior  of  exciton  polariton  resonant 
luminescence (Ex ) .  On  the  other  hand,  its  2LC-phonon  replica(Ex-2LC)  is  not 
affected  by  them  since  Ex-2LG  is  located  at  the  transparent  energy  region  and 
directly  represents  the  energy  distribution  of  the  corresponding  polaritons 
wherever  they  exist  in  the  crystal. [2,4,5]  In  this  paper  picosecond  temporal 
behaviors  of  Ex  and  Ex-2LC  are  studied  for  2,  exciton  polaritons  in  pure 
single  crystals  of  CuCI  at  2K.  Tne  results  show  that  when  the  excitation 
energy  is  located  at  a  strongly  absorptive  region  the  polariton  propagation 
has  an  important  influence  upon  the  temporal  shape  of  Ex  luminescence  spectra 
in  an  early  stagelBl,  but  becomes  less  important  in  a  late  stage  after  the 
intraband  inelastic  scattering  by  phonons  takes  place.  From  the  analysis  the 
intraband  relaxation  rate  is  derived  in  the  energy  region  of  the  Z,  exciton. 

Picosecond  UV  light  source  with  average  power  of  5m\v.  width  of  5ps  and 
tunability  from  350  to  390nm  was  obtained  with  use  of  a  LilC  crystal  for 
doubling  the  frequencey  of  Pyridine  2  dye  laser  synchronously  pumped  by  the 
second  harmonic  of  a  O  mode-locked  YAG  laser.  Time-resolved  spectra  were 
analyzed  with  a  double  monochromator  of  subtractive  dispersion  followed  by  a 
synchroscan  streak  camera.  Overall  spectral  and  temporal  resolutions  of  the 
system  could  be  simultaneously  set  at  0.5meV  and  15ps.  respectively.  CuCI 
single  crystals  of  platelet  shape  grown  from  vapor  phase  were  carefully 
selected  in  order  to  reduce  possible  impurity  effects. 

Figures  1(a)  and  (b)  are  the  time-resolved  luminescence  spectra  of  Ex-2LC 
and  Ex,  respectively,  at  different  delay  times  after  the  excitation  at 
5.273eV  among  the  Zj  exciton  resonance  for  the  12am  sample.  The  uppermost 
spectra  are  the  time-integrated  ones.  In  (a)  one  can  notice  that  the  initial 
polariton  distribution  in  energy  is  very  broad  and  nearly  proportional  to  the 
polariton  density  of  states.  With  the  lapse  of  time  the  intraband  relaxation 
occurs  and  without  much  decrease  of  the  total  number  of  polaritons  the  piling 
up  of  the  population  is  established  around  the  energy  of  "bottle  neck"[l] 
which  is  located  slightly  higher  than  the  transverse  exciton  energy  E„.  The 
decay  time  of  the  total  number  of  the  polaritons,  that  is.  their  lifetime, is 
about  4ns.  On  the  other  hand,  in  spectra  (b)  the  resonant  Ex  luminescence 
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Fig.l  Time-resolved  lumines¬ 
cence  spectra  of  (a)Ex-2L0  and 
(b)Ex  in  CuCl  at  different 
delay  t imes  together  with  the 
time-integrated  ones  under 
excitation  among  Z  exciton 
band  at  2K.  Note  that  the 
intensity  of  Ex  at  Ops  delay 
is  reduced  by  a  factor  of  8 


shows  completely  different  behavior  from  those  of  (a)  in  an  early  stage.  Just 
after  the  excitation  an  intense  and  broad  luminescence  band  centered  at 
3.201eV  is  observed.  The  line  shape  seems  to  be  mainly  governed  by  the 
combination  of  the  initial  polariton  distribution  and  the  probability  of 
polariton  transmission  through  the  surface.  This  broad  band  is  transient  and 
immediately  decreases  by  more  than  one  order  in  magnitude.  Since  Ex-2LC  has 
no  sharp  decrease  as  seen  in  ia),  the  corresponding  polaritcns  do  not  decay 
abruptly  just  after  the  excitation.  The  penetration  depth  of  the  excitation 
light  at  3.2’3eV  is  less  than  0.1/iir  and,  therefore,  the  initial  real-space 
distribution  cf  the  pclaritons  is  generated  very  near  to  the  front  surface  of 
excitation  through  interbarid  scattering  by  multi  phonons.  The  generated 
polaritcns  first  propagate  in  all  directions  and  half  of  them  immediately 
impinge  upon  the  front  surface.  However,  due  to  their  large  refractive 
indexes  roughly  a  thousandth  of  them  with  wavevectors  almost  normal  to  the 
surface  can  escape  from  the  crystal  os  the  initial  Ex  luminescence  and  the 
rest  of  them  are  reflected  back.  Then,  the  sharp  drop  is  caused  by  the 
disappearance  of  the  polaritons  from  the  front  surface  cn  account  of  their 
inward  propagation  away  from  the  surface.  This  interpretation  is  reasonable 
since  the  sharp  drop  of  Ex  completely  disappears  under  excitation  at  the 
transparent  energy  region  between  the  Z,  and  0  exciton  bands  where  the 
initial  distribution  of  polaritcns  in  real  space'is  almost  uniform. 

With  lapse  of  time  the  Ex  luminescence  becomes  narrow,  especially  on  the 
higher  energy  side,  associated  with  the  intraband  relaxation.  At  the  same 
time  a  sharp  peak  denoted  by  a  vertical  bar  appears  and  shifts  to  the  higher 
energy  side.  Another  sharp  peak  becomes  observable  around  Ins  on  the  higher 
energy  side  and  both  of  them  merge  into  one  peak  a  little  before  2ns.  The 
delay  time  at  which  this  secondary  peak  is  observed  is  twice  as  much  as  the 
propagation  time  of  the  corresponding  polaritons  with  their  group  velocity 
across  the  12wm  sample.  Therefore,  this  structure  is  caused  uy  the  escape  ct 
the  polaritons  having  wavevectors  almost  normal  to  the  surface  and  once 
reflected  back  from  the  rear  surface  without  any  large  deflection  of  their 
wavevectors  during  the  propagation  inside  the  crystal.  After  3ns  only  one 
peak  remains  around  3.2025eV  which  coincides  with  the  peak  energy  cf  the 
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t.ime-integrated  spectrum.  This  fact  means  that  the  main  peak  in  tfie 
time-integrated  spectrum  is  caused  by  the  polaritons  at  the  bottle  neck 
region.  If  the  lifetime  of  the  polaritons  were  much  shorter  than  5ns.  the  Ex 
Luminescence  would  represent  only  the  temporal  behavior  of  polaritons  with 
inhomogeneous  distribution  inside  the  crystal.  It  is  also  verified  that  the 
escape  of  the  polaritons  from  the  surfaces  has  minor  influence  on  the  total 
number  of  the  polaritons  since  the  corresponding  sharp  drop  of  Intensity  does 
not  exist  in  Ex-2LG  even  when  the  secondary  peal;  due  to  the  polaritons  once 
ref lected  back  is  observed  in  Ex . 

The  intensity  ratio  of  the  secondary  peak  tc  the  initial  luminescence  at 
the  same  energy  gives  valuable  information  about  the  intraband  scattering  rate 
of  polaritons.  When  one  takes  the  probability  of  surface  transmission,  P.  cf 
a  polariton  having  wave  vector  normal  tc  the  surface  and  its  transmissivity. 

T.  within  one-way  propagation  across  the  sample,  the  intensity  ratio.  P.  is 
equal  to  (2-P) •  ( 1-P) •  T*~ ■  With  use  of  theoretical  value  for  P .  T  is  obtained 
as  VR/12-P)- (1-F)  and  is  plotted  in  Fig. 2  by  a  closed  circle  for  different 
polariton  energies.  The  temporal  behavior  of  the  Ex  luminescence  has  been 
also  observed  from  the  rear  surface  of  the  sample  and  the  intensity  ratio  R' 
of  initial  luminescence  in  the  forward  spectrum  to  that  in  the  backward  one  at 
the  same  energy  is  obtained.  Here.  R'-(2-P)-T  and  T  is  plotted  by  an  open 
circle.  The  value  T  is  nearly  constant  below  E^  and  the  onset  ol  decrease 
occurs  at  the  bottle  neck  region.  The  transmissivity.  T.  is  connected  with 
the  intraband  scattering  rate  of  polaritons,  1 ;r  .  with  which  significant 
deflection  of  the  polariton  wavevectcr  occurs,  and  T  is  given  by  exp ! -d/Vg* r  , 
Here,  Vq  is  the  group  velocity  cf  polaritons  and  d  the  sample  thickness,  with 
use  of  theoretical  value  for  Vg.  l/r  is  plotted  by  a  triangle,  below  E_  the 
rate  is  net  shewn  because  the  decay  is  considered  tc  be  mainly  governed  by 
some  extrinsic  effect.  Theoretical  values  icr  the  accustic-phoncn  scattering 
prccessll)  are  calculated  fer  Z ^  excitcn  polaritons  in  CuCl  and  drawn  in  Fig. 2 
by  a  solid  curve,  which  shows  a  similar  tendency  tc  the  experimental  one  and 
gives  a  right,  order  cf  magnitude.  The  scat.  Ting  time  r  is  about  .'us  at  the 
bottle  neck.  This  value  is  reasonable  since  after  this  time  the  anisotropic- 
propagation  and  the  inhomogeneous  distribution  cf  the  polaritons  inside  the 
crystal  become  almost  obscured  in  the  time-resolved  Ex  spectra.  Therefore, 
the  scattering  rate  experimentally  obtained  is  consider'.  .  Co  be  mainly 
ascribed  to  the  intraband  scattering  by  acoustic-phonons. 
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Fig. 2  Polariton  transmissivity. 
T.  and  its  intraband  scattering 
rati',  l/r,  versus  energy,  dene  u-J 
by  a  circle  (backward : closed  and 
forward: open!  and  a  triangle, 
respectively,  oolid  curve  re- 
presints  theoretical  accust  if 
phonon  scattering  rat<  :  r  V , 

exciter.:,  at  2k 
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The  lower  enemy  tail  of  the  lowest  exciton  absorption  band  in  various 
semi  conductors  and  insulators  is  known  to  obey  Urbach  rule  111.  The  exciton 
associated  with  this  rule  is  assigned  to  be  a  momentarily  localized  exciton 
at  a  distorted  lattice  site  by  Toyozawa  12],  and  is  called  an  Urbach  exciton. 
Recently,  we  measured  the  excitation  enemy  dependence  of  the  luminescence 
quantum  yield  at  100  K  in  Hql0  [3J  and  Pbl,(  L  4  J .  and  it  has  been  concluded 
that  each  of  the  free  and  Urbach  exci tons  Ts  thcrroalizcd  but  they  are  not  in 
the  same  thermal  cqui 1 i brium.  In  this  paper,  we  report  the  time  response  of 
these  exciton  luminescences  in  the  picosecond  region  in  order  to  observe  the 
exciton  dynamics  more  directly. 

Platelet-1  ike  crystals  and  evaporated  films  of  llgl.,  and  Pbl.,  were  used  in 
this  work,  llgl,,  and  Pbl.,  single  crystals  were  excited~by  the  second  and  third 
harmonics,  respect ivelyT  of  the  1.06  /tm  light  from  a  mode-locked  TAU  laser. 

The  luminescence  from  the  crystal  surface  was  passed  through  a  monochromator 
and  analyzed  by  a  streak  camera  and  an  optical  multi-channel  analyzer.  The 
time  and  spectrum  resolution  of  this  system  were  about  70  ps  and  5  cm  . 
respect  1  vely. 

Figure  I  shows  the  time  response  of  the  free  and  Urbach  exciton  lumines¬ 
cences  of  !lgl0  at  1UU  K  together  with  the  shape  of  the  exciting  laser  pulse  in 
a  logari  thmi  c^scal  e.  Notation  F  means  the  free  excion  and  U  the  Urbach 
exciton.  The  detected  photon  energy  of  the  luminescence  is  indicated  for 
each  spectrum  in  a  unit  of  kem-1.  Broken  lines  show  the  calculated  curves 
where  the  one-dimensional  exciton  diffusion,  the  suface  recombination  and  the 
re-absorption  of  the.'  luminescences  arc  taken  into  account,  as  treated  by 
Kurita  et  al.  151.  In  this  treatment,  the  exciton  lifetime  r  and  the  surface 
recombination  velocity  .S  are  adjustable  parameters  for  the  free  exciton 
luminescence,  while  r,  S  and  the  diffusion  coefficient  of  the  exciton  L>  are 
the  ones  for  the  Urbach  exciton  luminescence. 

The  temperature  dependence  of  the  free  and  Urbach  exciton  lifetimes  denoted 
by  circles  and  squares,  respectively,  is  shown  in  Fig.  2  in  a  logarithmic 
scale.  Above  1  Of)  K,  the  lifetime  of  the  free  exciton  is  shorter  than  that  of 
the  Urbach  exciton.  We  also  f 1 nd  that  the  lifetimes  of  the  free  and  Urbach 
excitons  are  nearly  independent  of  the  detected  photon  energy  in  the 
respective  energy  region.  If  Photo-generated  excitons  arc  immediately 
thermal  i  zed,  the  exciton  lifetime  should  tie  constant  in  any  energy  region. 
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I'ig.  1.  Time  response  of  the  free  and 
Urbach  excitons  of  Ho  I ,,  at  100  K 
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ITg.  2.  Temperature  dependence  of 
the  lifetimes  of  the  free  and 
Urbach  excitons 


Therefore,  it  is  concluded  that  each  of  the  free1  and  Urbach  excitons  is 
thermal ized.  but  they  are  not  in  the  same  thermal  equilibrium.  These 
conclusions  agree  well  with  the  previous  ones  obtained  from  ref.  Id). 

The  lifetime  of  the  free  exeiton  increases  exponent i a  1 1 y  with  increasing 
the  inverse  ot  temperature  as  shown  by  a  straight  line  in  !-'n.  2.  From  the 
slope  of  this  line  the  thermal  activation  energy  is  estimated  to  be  :18±4 
meV,  which  is  almost,  equal  to  the  exeiton  binding  energy  of  Hgl.,  1(11.  This 
fact  means  that  the  decay  of  the  free  exeiton  is  dominated  by  t Be  process  of 
the  dissociation  into  an  electron-hole  pair.  On  the  other  hand,  the  lifetime 
of  the  Urbach  exeiton  is  almost  constant  between  77  and  140  K.  and  abruptly 
decreases  above  140  K.  This  fact  Indicates  that  the  decay  process  of  the 
Urbach  exeiton  is  not  dominated  by  the  radiative  one.  which  is  independent  of 
temperature.  The  Urbach  exeiton  is  considered  to  be  decomposed  to  a  free 
electron- hole  pa i r  or  convert ed  to  a  free  exeiton. 

l-'igure  3  shows  the  diffusion  coefficients  of  the  free  and  Urbach  excitons 
as  a  function  of  temperature.  Open  circles  show  the  diffusion  coefficients  of 
the  free  exeiton  and  closed  circles  those  of  the  Urbach  exeiton.  The  diffusion 
coefficient  of  the  Urbach  exeiton  is  obtained  by  the  above  mentioned  method, 
while  that  of  the  free  exeiton  is  estimated  1 rom  t ne  line-width  ot  the  exeiton 
absorption  band  In  Hgl0  thin  film.  Solid  lines  represent  t  hi'  calculated 
curves  for  the  diffusion  coefficients  of  the  free  and  Urbach  excitons.  I)(  and 
D(j  as  a  function  of  temperature: 

Df  “  {  expt  0  /  kT  )  -  1  }  .  Ill 


where  0  is  the  LO-phonon  energy.  The  former  equation  is  obtained  from  the 


Fig.  3.  Temperature  dependence  of  the 
diffusion  coefficients  of  the  free  and 
Urbach  excitons 


theory  of  the  exciton  scattering  by  the  LO-phonons  and  the  latter  from  that  by 
acoustical  phonons  under  the  deformation  potential.  The  solid  curves  can  fit 
well  to  experimental  points  above  90  K.  This  fact  suggests  that  the  relaxation 
of  free  excitons  is  caused  by  the  LO-phonon  scattering  and  that  of  Urbach 
excitons  by  the  acoustical  Phonons.  Moreover,  the  value  of  D  is  smaller  than 
that  of  Df,  which  is  reasonable  because  the  Urbach  exciton  accompanied  with 
the  lattice  distortion  should  be  less  mobile  than  the  free  exciton. 

In  Pbl,,.  the  lifetime  of  the  free  exciton  is  also  shorter  than  that  of  the 
Urbach  exciton  at  100  K.  Thus,  the  same  conclusion  is  obtained,  that  the  free 
and  Urbach  excitons  are  not  thermal r/.ed  with  each  other. 
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The  dynamics  of  magnetic  poiarons  is  studied  in  Cd^  ^Mn^Te  and  Cd^  ^Mn  Sc 
for  x  =  0.01  -  0.6  by  picosecond  time-resolved  spectroscopy  of  the  exci?on 
luminescence.  The  luminescence  shows  the  formation  and  relaxation  kinetics 
of  the  magnetic  polarons  in  localized  exciton  states,  in  the  triplet 
exciton  states  as  well  as  in  a  spin  glass  phase. 

1.  INTRODUCTION 

Semimagnetic  semiconductors  show  a  number  of  magnetooptical  properties 
which  are  induced  by  the  exchange  interaction  of  the  band  electrons  with 
magnetic- ion  spins. 1 1]  Magnetic  polaron,  a  magnetically  bound  state  of  the 
exciton  by  the  exchange  coupling  with  Mn  ions,  is  such  evidence . f 2 1 
In  this  paper  we  study  the  dynamics  of  excitonic  magnetic  polarons  in 
Cd^  ^Mn^Te  and  Cd^  ^Mn  Se  by  time  resolved  spectroscopy  of  the 
luminescence.  Under  picosecond-pu 1 se  excitation  the  excitonic  magnetic 
polarons  show  varieties  of  the  fast  energy  relaxations  which  are  related 
to  the  realignment  of  magnetic-ion  spins. 

Experiment  was  performed  on  single  crystals  of  Cd^  ^Mn^Te  and  Cd^  Mn^Se 
(x  -  0  -  0.6)  grown  by  Bridgeman  method.  Luminescence  measurement  was  made 
on  a  cleaved  surface  of  a  sample  which  was  placed  in  a  superconducting 
magnet.  The  optical  excitation  was  made  by  mode  locked  pulses  of  an  argon 
ion  laser  and  also  by  second  harmonics  of  a  mode-locked  YAG  laser. ( 

Time  resolution  of  the  system  is  20  ps. 

2.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

2.1  Magnetic  Polaron  Formation  in  Localized  Exciton  Region 


Figure  1  shows  the  time  characteristics  of  the  exciton  luminescence  in 
Cd^  Mn^  2^e  at  fields  of  0  and  7  T.  The  arrows  at  the  top  of  the 

spectra  *  indicate  the  uppermost  exciton  energies  which  are  determined  bv 
the  reflection  spectra  of  the  exciton.  As  time  increases,  the  energv  of  tin 
luminescence  peak  in  the  time  resolved  spectrum  decreases.  Since  microsco¬ 
pic  variation  of  the  Mn  composition  is  significant  in  crystals  of  x  N  0.1, 
the  exciton  energies  are  locally  fluctuated  in  the  lattice  and  localized 
states  of  the  exciton  are  created  in  these  crystals.  The  energy  ot  the 
exciton  is  then  decreased  either  by  the  formation  of  magnetic  polarons  or 
by  the  localization  of  excitons.  Therefore  it  is  significant  to  discrimi¬ 
nate  the  magne t ic- po laron  formation  from  the  localization  effect  ot  the 
exci ton. [2] 

The  lower  spectrum  in  Fig.  1  is  the  case  at  7  T  where  the  large  Zeeman 
shift  of  47  meV  in  the  exciton  state  arises  due  to  the  giant  g- value  of  tin 
exciton  which  is  also  induced  hv  the  exchange  effect.  At  7  T  Lht  Mn  spins 
are  mostly  polarized  by  the  magnetic  field  as  is  known  from  t hi  saturation 
of  the  Zeeman  splitting.  The  lowest  state  of  the  magnetic  polarons  ait 
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realized  immediately  when  the  exciton  is  created,  since  the  surrounding  Mn 
spins  are  initially  polarized  by  the  external  field.  The  remaining  shift  of 
the  peak  energy  to  the  lower  side  is  then  caused  by  the  localization  of  the 
exciton  in  the  fluctuating  band  edge.  To  derive  the  magnetic  polaron 
formation  process  from  the  transient  exciton  luminescence,  we  measure,  at 
time  t  and  at  magnetic  field  H,  the  energy  difference  between  the  uppermost 
exciton  energy  (indicated  by  the  allows)  and  the  luminescence-peak  energy, 
which  we  denote  as  E  (t,H).  To  subtract  the  localization  effect  we 
calculate  E  (t,7T)  -  E^(t,H)  which  corresponds  to  the  energy  for  the 

magnetic  polaron  formation. 

Figure  2  shows  the  magnetic  polaron  formation  at  0  T,  E  (t,7T)  - 
E.(t,OT),  where  the  energy  of  the  exciton  decreases  about  5  meV  within  500 
ps  after  the  excitation.  The  exciton  energy  further  decreases  gradually 
with  a  time  constant  of  1  ns.  This  is  due  to  subsequent  magnetic  formation 
during  the  localization  process.  Observed  time  dependence  of  the  exciton 
luminescence  displays  the  polarization  of  the  Mn-ion  spins  within  500  ps  to 
form  the  magnetic  polaron  and  also  shows  the  following  localization. 

Relaxation  process  of  the  excitonic  magnetic  polarons  can  be  observed  by 
the  decay  time  and  the  rise  time  of  the  luminescence  at  each  photon  energy. 
Figure  3  shows  the  decay  and  rise  time,  xd  and  j  ,  derived  from  the 
transient  luminescence  by  using  the  deconvolution  calculation.  At  the 
uppermost  energy  of  the  exciton  state  (at  1.876  eV )  x  ^  is  only  50  ps, 
while  it  increases  to  1  ns  at  the  lower  edge  of  the  luminescence  (at  1.64 
eV ) .  The  large  variation  of  the  decay  time  as  a  function  of  the  exciton 
energy  shows  the  localization  of  the  exciton  in  the  mixed  crystals.  The 
rise  time  of  the  luminescence  shows  the  creation  rate  of  the  magnetic 
polarons  at  each  exciton  energy.  In  case  that  the  excitonic  magnetic  pola¬ 
rons  are  well  localized  at  the  lower  energy  region  of  the  luminescence,  the 
rise  time  must  coincide  with  the  decay  time  owing  to  successive  hopping  to 
reach  the  lowest  sites.  This  condition,  x  ^  =  x^,  is  actually  realized  at 
the  lower  edge  of  the  exciton  luminescence  at  7  T.  However  in  Fig.  3  around 


TIME (ns) 

Fig.  1  Transient  characteristics 
of  the  exciton  luminescence  in 
Cd  ^Mnf,  ?Te.  The  magnetic  polaron 
f orma t ion" takes  place  at  H  =  0  T 
during  the  luminescence  decay 
whi'e  only  the  localization  effect 
arises  at  H  =  7  T. 


Fig.  2  Plot  of  E  <t,7T)  -  F  (t,0T) 
vs  t,  which  shows  the  formation 
energy  of  tin  magnetic  polarons. 
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Fig.  3  The  decay  time  and  the  rise 
time  of  the  exciton  luminescence. 
The  solid  arrow  shows  the  uppermost 
exciton  energy  while  the  dashed 
arrow  shows  the  peak  energy  of  the 
time- integrated  luminescence. 
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1.84  eV  is  only  500  ps  while  t  ^  is  1  ns.  The  large  difference  between 

the  two  characteristic  times  indicates  the  faster  creation  of  the  magne¬ 
tic  polarons  in  the  localized  exciton  regime,  indicating  the  additional 
formation  mechanism  such  as  the  tunnel ing- induced  formation. 

2.2  Triplet  Magnetic  Polarons  and  Magnetic  Polarons  in  Spin  Class 

The  excitonic  magnetic  polarons  have  the  singlet  and  triplet  states  with 
respect  to  the  internal  spin  configuration  of  the  electron  and  the  hole. 

The  triplet  component  can  arise  in  the  luminescence  spectra  if  the  dipole- 
allowed  singlet  excitons  are  discriminate'^  using  the  polarization  selection 
rule.  Experimental  results  obtained  by  such  conditions  show  the  triplet 
magnetic  polaron  in  Cd^  ^Mn^Te  of  x  =  0. 2-0.3,  where  the  binding  energy  is 
about  10  meV  larger  than  that  of  the  singlet-magnetic  polaron.  The  observed 
lifetime  is  4  ns  which  is  2  times  longer  than  the  singlet  magnetic 
polarons . 1 4 ] 

For  x  >  0.2  the  Mn-ion  spins  in  semimagnetic  semiconductors  show  ihe 
spin  glass  transition  at  temperatures  below  20  K.  Magnetic  polaron  states 
must  be  significantly  affected  by  the  spin  glass  phase  ^f  the  Mn  ions. 
Magnetic  polarons  are  not  formed  in  the  spin  glass  phase  if  the  spin-giass 
interaction  imong  the  Mn  spins  is  stronger  than  the  exchange  interaction 
between  the  excitons  and  the  Mn  ions,  while  in  the  opposite  case  the 
excitons  can  destroy  the  spin  glass  and  polarize  the  Mn  spins  to  form  the 
magnetic  polarons.  The  temperature  dependence  of  the  exciton  luminescence 
at  zero  magnetic  field  shows  the  restriction  of  the  magnetic  polaron 
formation  below  the  spin-glass  transition  temperature.  Time  r( solved 
spectra  of  the-  excitonic  luminescence  in  the  spin  glass  regime  show  the 
broadly-spread  spin  configuration  of  Mn  ions.  External  high  magnetic  field 
is  found  to  destroy  the  spin  glass  and  assists  the  excitons  to  reach  the 
ground  states  of  the  magnetic  polarons. 

|1|  J.K.  Furdyna,  J.  Appl.  Phys.  53 ,  7637  (  1982). 

[2j  Y.  Oka,  K.  Nakamura,  I.  Souma  and  H.  Fujisaki,  Proc.  Intern.  Coni,  on 
Physics  o  f  Semi conduc  tor s ,  Stockholm  (World  Scientific,  Singapore  19m») 
p  .  1 771 . 

1 3  J  J.J.  Zayhowski,  R.N.  Kershaw,  D.  Ridgley,  K.  Dwight,  A.  Wold,  R.R. 

Oalazka  and  W.  Giriat,  Phys.  Rev.  B35,  f>930  (1487). 

[4]  Y.  Oka,  K.  Nakamura,  I..  Sourr.a,  M.  Kido  and  H.  Fujisaki,  .1 .  l.unines.  „ 
26.3  (1987). 
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The  exciton  trans lafclonal  motion  Is  a  basic  problem. of  energy  transport  in 
solids.  However,  its  direct  observation  Is  rather  difficult  because  intrin¬ 
sic  excitons  usually  have  large  absorption  coefficients  and  short  lifetimes 
due  to  various  scattering  processes.  In  this  report,  we  present  the  observa¬ 
tion  of  exciton  motion  in  the  picosecond  time  range  on  a  specific  two-dimen¬ 
sional  (20)  lattice  composed  by  a  stacking  fault  in  a  layered  crystal  Bi 1 3. 

Stacking  faults  distort  the  unit  cell  symmetry  resulting  in  new  exciton 
states  at  a  20  lattice.  In  B t 1 3 ,  characteristic  sharp  absorption  lines, 
named  R,  S  and  T  from  the  high  energy  side,  appear  near  the  indirect  absorp¬ 
tion  edge  and  have  been  attributed  to  the  exciton  transition  near  the  stack¬ 
ing  fault  (called  stacking  fault  excitons,  SFE)[1],  Their  internal  structure 
is  well  described  by  the  cationic  exciton  model  modified  by  deformed  unit 
cel  1 s[ 2 ] .  The  SEE  shows  intense  and  sharp  resonant  luminescences  without 
Stokes  shi fts[ 3] .  The  luminescences  are  observed  to  extend  along  the  crystal 
plane  beyond  the  exciting  laser  spot,  which  makes  it  possible  to  examine  the 
exciton  motion  by  space-  and  time-resolved  spectroscopy. 

Figure  1  shows  the  experimental  configuration  schematically.  A  laser  beam 
from  a  mode-locked  A r+  laser  exciting  the  band  to  band  transition  region  was 
focused  to  a  spot  of  less  than  40pm  in  diameter,  on  the  sample  surface.  The 


f 19- \  Experimental  Configuration 
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luminescence  pattern  was  enlarged  with  a  lens  and  resolved  by  a  gradient 
index-type  glass  fiber  set  on  an  adjustable  screen  leading  to  a  monochro¬ 
mator.  The  temporal  behavior  of  luminescences  was  detected  by  a  time- 
correlated  single  photon  counting  method.  This  system  attained  a  spatial 
resolution  of  less  than  30pm  and  a  time  resolution  of  less  than  25ps  by 
deconvolution  analysis.  Space-resolved  transmission  spectra  were  also  ob¬ 
tained  by  putting  a  white  light  source  behind  the  sample. 


The  space-resolved  luminescence  spectra  are  shown  in  fig. 2  for  various 
distances  r  at  4.2K.  Uppermost  in  Fig. 2  is  a  space-resolved  transmission 
spectrum  at  r=0,  and  the  same  ones  are  obtained  at  any  point  within  more 
than  r=lmm  on  the  sample  plane  showing  the  macroscopical ly  uniform  occur¬ 
rence  of  the  stacking  fault.  The  luminescence  spectra  consist  of  the  in¬ 
direct  exciton  recombination  band  Lq  accompanied  by  the  bulk  phonon  C,  the 
resonance  lines  R,  S  and  T,  and  an  additional  peak  T'.  The  R,  S  and  T  lines 
can  be  detected  with  exact  zero  Stokes  shifts  even  at  r=400pm.  While  the 
band  fades  out  at  larger  r,  the  peak  T'  appears,  depending  on  the  sample, 
and  increases  intensity  relative  to  that  of  T  with  increasing  r.  The  T'  is 
considered  due  to  trapped  excitons  at  some  defects  along  the  2D  lattice[4]. 
The  stationary  distributions  of  luminescence  intensity  along  the  lateral 
direction  on  the  sample  plane  can  be  well  described  by  the  2D  diffusion 
equation  including  relaxation.  For  the  T  at  4.2K,  an  extraordinarily  large 
diffusion  constant  of  more  than  10^cm^/sec  is  estimated  using  the  exciton 
lifetime  of  ~lnsec[5].  The  lateral  distribution  is  seriously  reduced  below 
4.2K,  and  the  diffusion  constant  changes  to  10^cm^/sec  at  2K. 


F iq,2  Space-Resolved 


Spectra 
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Fig, 3  Temporal  Behavior  of 
Luminescence  T 


The  temporal  behavior  of  luminescence  T  at  i.2<  is  shown  in  Fig.3(a.  at 
various  r's  with  normalized  peak  intensity.  At  r= 0.  the  luminescence  T  has 
rising  component  characterized  by  the  decay  tine  constant  of  the  upper  lyi'- 
state  S,  reflecting  a  cascade  relaxation  from  S  to  T  [  5  ] .  Afte1-  that,  it 
shows  nonexoonential  rapid  decay  at  an  early  stage.  At  r*0,  peak  delay  and 
growing  component  after  the  peak  can  be  seen  with  increasing  r.  this  be¬ 
havior  can  be  explained  qualitatively  by  diffusion.  However,  the  near  .eloc 
ity  estimated  from  the  peak  delay  is  rather  faster  than  that  obtained  ron 
decay  profiles  calculated  by  the  diffusion  equation  using  the  parameters  of 
stationary  distribution.  Then,  the  details  of  time  behavior  cannot  be  ex¬ 
plained  quantitatively  only  by  the  diffusion  process.  The  results  suggest 
coexistence  of  rather  faster  transfer  mechanisms  of  exciton  than  the  diffu¬ 
sion  in  our  system.  At  2K,  the  temporal  behavior  shows  the  same  rise  due  to 
the  cascade  process,  the  early  stage  nonexponent i a  1  decay  becomes  obvious, 
and  the  peak  delay  is  no  longer  observed  at  larger  r.  This  change  cor¬ 
responds  to  the  reduction  of  lateral  distribution  by  suppression  of  diffu¬ 
sion  at  2K.  At  lowon  temperatures,  trapping  centers  inhibit  the  exciton  dif 
fusion,  and  the  translational  motion  is  governed  by  a  faster  transport 
mechanism  such  as  resonance  transfer.  It  gives  ultrafast  exciton  motion 
along  the  stacking  fault  interface.  The  zero  Stokes  shift  luminescence  at 
large  r  suggests  the  existence  of  such  process. 


The  authors  are  grateful  to  Prof.  T . I i da  and  T. Komatsu  for  helpful  dis¬ 
cussions.  This  work  is  partially  supported  by  the  Yamada  Science  foundation- 
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Coherent  transient  phenomena  of  localized  and  delocalized  excitonic  states 
in  semiconductors  have  recently  attracted  much  attenti on[ 1  ] .  In  a  B i I ^ 
layered  semiconductor,  there  exist  two-dimensional  excitons  trapped  by 
stacking  faults  and  they  give  sharp  absorption  lines  depending  on 
temperatures  and  samples! 2, 3] .  It  is  interesting  to  investigate  the 
homogeneous  line  width  and  quantum  beats  of  these  stacking-fault  excitons 
by  transient  spectroscopy  in  the  ultrashort  time  region.  Recent 
development  of  transient  spectroscopy  has  allowed  us  to  observe  optical 
dephasing  with  ultrahigh  resolution  which  is  determined  by  the  correlation 
time  t  instead  of  time  duration  of  light  pulses[4].  Furthermore,  it  is 
suggested  that  one  can  derive  some  information  on  optical  dephasing  from 
the  peak  shift  of  the  correlation  traces  of  transient  degenerate  four-wave 
mixing  (DFWM),  even  if  the  decay  behavior  is  not  observed.  This  paper 
reports  optical  dephasing  of  stacking-fault  excitons  in  Bil,  at  low 
temperatures  using  DFWM  in  k-space  with  two  incident  beams. 

Figure  1  shows  typical  absorption  spectrum  of  B i I ^  at  4.2  K.  Q,  R,  S,  T 
lines  are  due  to  two-dimensional  exitons  trapped  by  stacking  faults.  These 
excitons  originate  from  the  distortion  of  bulk  excitonic  states  (o  -q, 
'k-,,  it.)  by  stacking  faults.  The  cascade  relaxation  among  these  states  is 
observed  by  the  luminescence  experiments.  The  lifetimes  for  R,  S  and  T 
excitons  are  about  200,  400  and  800  ps,  respectively. 

The  DFWM  experiments  were  made  using  a  synchronously-pumped  hybridly 
mode-locked  cavity  dumped  R6G  laser  which  generated  3.7  nJ  sub-picosecond 


PHOTON  ENERGY  (eV) 

Fig.  1  Typical  absorption  spectrum  of  B i 1 3  near  the  indirect  exciton  edge 
at  4.2  K. 
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pulsesj.  The  spectral  width  and  the  pulse  duration  are  13  A  and  0.9  ps 
(sech  shape),  respectively.  Since  these  pulses  are  not  transform-limited, 
the  time  resolution  of  the  DFWM  experiments  is  governed  by  the  correlation 
time  T  (inverse  of  the  spectral  width  n,0.38  ps  in  this  exper_jmen£) 
instead  of  the  pulse  duration.  When  two  light  beams  with  wavevector  k.,  k^ 
are  incident  on  thin  Bi  I  ,  pi  a  t  e  1  et_^rrys  r  a  1 ,  output  beams  are  produced  in 
the  new  directions  -  k£,  =  21^2  -  . 

Figure  2  shows  correlation  traces  for  the  and  k^  directions,  which 
were  measured  for  the  R-line  excitation  at  10  K.  Both  the  decay  behavior 
and  the  peak  shift  are  observed.  The  decay  time  T  and  the  peak  shift  are 
0.80  and  0.16  ps,  respectively.  The  dephasing  time  T~  is  estimated  for  the 
limiting  cases  of  the  spectral  broadening:  T^  is  at  for  the  extremely 
inhomogeneous  broadening  and  T^  is  2x  for  the  homogeneous  broadening. 
Assumi  ng_.|  the  extremely  inhomogeneous  broadening  of  the  absorption  line 
(  M6  cm  ),  T^  is  estimated  to  be  n.3.2  ps.  Since  T^  of  R-excitons  of  200 
ps,  T „  is  dominantly  determined  by  the  pure  dephasing  process.  Since  it  is 
not  obvious  that  the  above  assumption  is  fulfilled  for  the  R  line  of  this 
sample,  we  should  note  that  there  exists  an  uncertainty  in  the  estimated 
value  of  T^  by  a  factor  of  2  at  maximum. 

The  peak  shift  is  related  to  all  relaxation  processes  of  the  system: 
longitudinal  (T^  ),  transverse  (T„)  and  cross  (T^)  relaxation  processes. 
Moreover,  the  magnitude  of  the  shift  depends  also  on  the  incident  pul'e 
characteristics,  for  example,  a  transform-limited  pulse  and  a  phase 
modulated  pulse.  The  model  ca leu lat ions [ 5 ]  in  the  limiting  cases  where  a 


DELAY  TIME  (ps) 


Fig.  2  Correlation  traces  for 
two  output  beams  ks  ang  k4  of 
transient  DFWM  in  Bilj.  The 
excitation  wavelengtn  is  reso¬ 
nant  with  R-absorotior,  line. 


Fig.  3  Temperature  depe'-dence 
of  inverse  of  T-  for  R-.i:--'..:rn  ■ 
t.  ion  1  i  no. 
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2-level  system  without  cross  relaxation  processes  and  transform-limited 
pulses  are  assumed,  provide  the  value  comparable  to  the  directly 
determined  within  the  factor  of  5. 

In  what  follows,  to  investigate  the  mechanism  of  the  optical  dephasing 
of  stacking-fault  excitons,  we  have  measured  the  temperature  dependence  of 
phase  relaxation  times  between  10  and  23  K.  We  used  the  sample  which 
exhibited  a  sharper  absorption  lineshape  of  the  R  line  (spectral  width 
%  5  cm  at  10  K).  The  decay  time  of  the  correlation  trace  is  %  3.7  ps  at 
10  K.  Since  the  decay  time  is  comparable  to  the  inverse  of  the  spectral 
width,  Tg  is  rather  approximate  to  2t"u  7.4  ps^  Figure  3  shows  the  inverse 
of  T2  as  a  function  of  temperatures.  increases  linearly  with 
temperatures  between  10  and  20  K.  Watanabe  et  a  1 . [ 3  ]  have  reported  that 
the  line  width  of  the  R  line  depends  linearly  on  the  temperatures  between 
6  and  25  K.  Although  the  inhomogeneous  broadening  remains  below  6  K  in  the 
high  quality  sample,  such  a  temperature  dependence  is  interpreted  in  terms 
of  the  acoustic  phonon  scattering  with  two-dimensional  excitons  trapped  by 
stacking  faults.  Our  results  of  Tg  is  consistent  with  the  line  width 
variation  and  consequently  we  also  conclude  that  optical  dephasing  is 
mainly  induced  by  the  phonon  scattering. 

The  values  of  T2,  however,  depend  on  the  samples  studied  and  T2  is 
shorter  in  the  sample  which  shows  the  broader  absorption  spectrum. 
Considering  that  stacking  faults  extend  over  %  100  pm  in  xy-plane, 
excitons  trapped  at  these  stacking  faults  can  diffuse  in  xy-plane[6].  If 
there  are  small  imperfections  of  stacking-fault  plane,  exciton  may  be 
scattered  by  them.  Therefore,  one  of  the  possible  interpretations  of  the 
sample  dependence  of  the  optical  dephasing  is  the  exciton  scattering  by 
imperfections. 

In  conclusion  we  have  demonstrated  both  the  decay  behavic  the  peak 
shift  in  the  correlation  trace  of  the  DFWM  in  the  sub-pii  .cond  time 
region.  The  phase  relaxation  times  of  excitons  trapped  by  stacking  faults 
are  determined  for  the  Bil,  crystal  studied  here  at  low  temperatures.  The 
values  of  Tg  at  10  K  is  3.71,  7.4  ps  depending  on  the  samples.  The  optical 
dephasing  of  stacking-fault  excitons  is  mainly  induced  by  the  phonon 
scattering  at  the  temperatures  10  to  20  K. 
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1.  Introduction 

In  phenomenological  theories  of  coherent  or  incoherent  optical  processes, 
the  relaxation  in  the  excited  states  is  often  treated  by  introducing  two 
parameters,  T,  and  T_ ,  which  represent  the  population  decay  time  and  the 
phase  relaxation  time,  respectively.  The  (homogeneous)  phase  relaxation  is 
caused  by  the  stochastic  fluctuations  in  the  electronic  energy  levels  and 
is,  in  many  cases,  originated  from  the  interaction  with  elementary  exci¬ 
tations  such  as  phonons  in  condensed  media. 

It  should  be  remembered  that  the  fluctuation-dissipation  theorem  tells 
us  that  wherever  fluctuation  is,  dissipation  is.  In  fact,  the  amplitude  of 
the  energy  fluctuation  D  is  generally  related  to  the  amount  of  the  energy 
relaxation  i£  through  the  Einstein  relation, 

D2  =  2kT*AE  (1) 

where  T*  a  (Tiu/2k)coth(W2kT)  is  the  effective  temperature  and  Tiu  is  the 
representative  enerqy  of  the  quanta  of  the  elementary  excitations.  Therefore, 
the  phenomenological  models  or  the  stochastic  models,  in  which  the  energy 
relaxation  is  neglected,  are  justified  only  in  the  weak  coupling  ( 'E  -  0) 
and  at  high  temperature  (kT*  -  ®=)  limit. 

The  purpose  of  the  present  work  is  to  survey  theoretically  some  aspects 
of  the  dynamical  relaxation  of  localized  centers'in  condensed  media  in  the 
opposite  ,  namely,  the  strong  coupling  limit  through  the  optical  responses. 

2.  Model 

Let  us  consider  a  simple  two-level  system  ( 1 1  >and  |2>)  interacting  with  the 


bulk  phonon  modes  of  the  crystal.  The  Hamiltonian  is  given  by (Ti  =  1) 

H  =  H1 11>  <1  |  +  H2|2>  <2 1  ,  (2) 

where 

H1  =  2  “kbk+bk  ’ 

H2  =  H1  +  e  +  V  ,  (4) 

V  =  2  ctk0Jk^bk+bk+^  '  (5) 


Here,  b,  (b^  )  is  the  annihilation  (creation)  operator  for  k-th  phonon  mode 
with  energy  uij, ,  is  the  coupling  constant  and  e  is  the  electronic  exci- 
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tation  energy.  It  is  assumed  that  |1>  and  |2>  are  optically  connected  with 
each  other  by  a  constant  dipole  moment. 

As  for  the  excitation  spectrum  of  phonons,  we  assume  the  following  spectral 
density  at  low  temperatures : 


J(w) 


<V(t)V(0)>  e1a)t  dt 


(2go^/TTu^ )  (2mjj-o^  )  ^  ^  0  £  to  £  2oi  , 

0  ,  otherwise.  (6) 

2 

Here,  <■••>  is  the  average  over  phonon  coordinates  and  g(  =  i  )  is  the 
coupling  constant  by  which  AE(  =  half  of  the  Stokes  shift)  k  _ 
and  D(  width  of  the  absorption  spectrum)  are  given  by  AE  -  gu  and 
0^  =  gw  ,  respectively.  The  strong  coupling  condition  g  »  1  leads  to  the 
i nequal i ties , 


AE  »  D  »  w  . 


(7) 


For  typical  values,  w  ^lOmeV,  g  cc  50,  we  have  three  characteristic  relax¬ 
ation  times;  the  phase_re]axatioB,time  x  .  a.  D  _  10’  sec,  the  energy 
relaxation  time  x,  D  a.  w  z.  10~usec  an8nthe  population  decay  time 
T1  ~  10'7sec.  LK 

3.  Spontaneous  ard  Coherent  Optical  Responses 


By  virtue  of  the  assumed  linear  coupling,  we  can  write  down  analytical 
expressions  of  any  order  of  optical  responses.  The  spontaneous  Raman  spectrum 
in  this  model  was  first  investigated  by  HIZHNYAKOV  et  a  1 .  [  1 ] .  In  Fig.l,  the 
calculated  spontaneous  Raman  spectrum  is  shown  for  g  =  40  and  for  the 
incident  frequency  =  t  vs  the  normalized  Raman  shift.  The  characteristic 
structures  —  the  Rayleigh  scattering,  the  lower  order  Raman  scattering. 


Fig.l  Spontaneous  resonant  Raman  spectrum  in  strong  coupling  system  for 
g  =  40,  (x>2  =  e  and  y  5  1/2T-J  =  5x10  uj 
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Fig. 2  Schematic  plot  of  the  relaxation 
of  strong  coupling  system(upper)  and 
the  spontaneous  emission  spectrum(lower) 


the  hot  luminescence  and  the  ordinary  luminescence —  are  well  resolved  in  the 
frequency  domain.  The  analysis  of  the  time  resolved  emission  spectrum[2] 
clearly  reveals  how  these  structures  are  formed  successively  in  accordance 
with  the  above  mentioned  three  time  scales,  t  .  ,  t,  D,  and  T,  as  schematically 
shown  in  Fig. 2.  pn  lk  i 

The  integrated  amplitude  of  the  n-th  order  Raman  scattering  I  ^  is 
approximately  given  by[3]  n 

Ip^  ex  |Dn3n$(u)2)/aw2n|2/n!  (8) 

where  <t(u2)  is  the  complex  polarizability  for  the  incident  photon  u.,  the 
imaginary^part  of  which  is  nothing  but  the  broad  Gaussian  absorption 
spectrum.  Thus,  we  see  a  duality  peculiar  to  the  strong  coupling  system: 

The  quantum  mechanical  phonon  structure  is  modulated  by  the  semiclassical 
polarizability.  The  calculated  line  shape  reproduces  the  essential  features 
of  that  observed  in  the  F-centers  in  alkali  ha  1 i des [ 4,5],  a  typical  example 
of  the  strong  coupling  system. 

The  signals  for  coherent  four  wave  mixing  are  also  calculated  exactly. 

In  Fig. 3,  an  example  of  the  stimulated  and  the_inverse  Raman  signal  is 
presented  for  the  pumping  frequency  uu  =  e  -1  Ooj  as  a  function  of  the  probe 
frequency  u, .  (The  gain  is  plotted  upward  of  the  dashed  line.)  The  dominant 
contribution  to  the  Raman  gain  signal  is  composed  of  two  parts,  the 
absorption  saturation  and  the  stimulated  emission,  which  have  broad  Gaussian 
spectra  widely  separated  (~  2AE  ~  leV)  from  each  other.  In  Fig. 3,  only  the 
fine  structures  superimposed  on  the  absorption  saturation  are  plotted. 
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60 


(  OI2  ~  Cl),  )  /  U) 


Fig. 3  Stimulated  resonant  Raman  signal  -Im  x  j  (^)  for  g  =  40  and  ^  =  £-10iu 


The  smooth  tail  part  in  the  Stokes  region  (uu-w,  >8w)  should  be  regarded 
as  the  transient  induced  emission  from  the  phonon  wave  packet  sliding  down 
the  adiabatic  potential  surface  as  shown  in  Fig. 2.  The  ultrafast  relaxation 
dynamics  is  further  clarified  by  the  time  domain  observation  of  the  stimu¬ 
lated  Raman  scattering  using  ultrashort  light  pulses  for  and  w2[6]. 

A  peculiar  feature  in  Fig. 3  is  that  the  inverse  Raman  signal  (w,  >  u?) 
changes  its  sign  alternately  according  to  the  phonon  numbers.  This  is  d 
explained  by  the  duality,  namely  by  the  fact  that  the  amplitude  of  n-th 
order  inverse  Raman  signal  In(  '  is  giver,  by 

In(a)  «  -{DnA(cu2)/3w2n}2/n!.  (9) 

(Note  the  difference  from  (8)!)  Equations  (8)  and  (9)  are  consistent  with 
tj^e  semiclassical  picture  of  the  Raman  scattering  since  3n^(u.')/3u>n  * 

3  <*>(Q)/3Q  where  Q  is  the  interaction  mode  coordinate  (see  Fig. 2).  This  is 
a  consequence  of  the  ultrafast  homogeneous  phase  relaxation  in  this  system. 
The  line  shape  of  the  inverse  Raman  signal  depends  sensitively  on  the 
pumping  frequency  co2  but  its  dependence  is  quite  different  from  that  of  the 
weak  coupling  systefn[7]. 

In  Fig. 4,  an  example  of  the  parametric  mixing  type  signal  is  shown  for 
the  signal  frequency  uu  =  2w2  *  wi  against  w?  -  u, .  The  difference  in  the 
line  shape  between  theJregion  of  cSRS  (to,  >  (L)  and  CARS  (to,  <  co2)  can 
also  be  understood  on  the  basis  of  duality  ana  is  related  to  the  existence 
of  the  energy  relaxation  in  this  system. 

4.  Conclusion 

In  this  article,  we  have  seen  how  the  ultrafast  relaxation  both  in  the 
phase  and  in  the  energy  is  reflected  in  the  spontaneous  and  coherent  optical 
processes.  A  remarkable  feature  is  that,  once  excited  by  a  resonant  photon, 
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(3) 

Fig. 4  Signal  of  the  third  order  optical  response  lxv  '(uu)l  for  a),=2u)7-u1 , 
g  =  40  and  u2  =  c  J 

the  system  undergoes  a  violent  but  coherent  motion  in  the  interaction  mode 
coordinate  space.  This  is  most  clearly  exhibited  by  the  hot  luminescence 
peak  appearing  in  the  low  energy  tail  of  the  ordinary  luminescence  band  in 
Fig.l,  which  is  the  luminescence  from  the  classical  turning  point  of  the 
oscillation  of  the  phonon  wave  packet.  This  coherent  motion  sometimes 
induces  a  hot  nonradiative  transition  across  the  quasicrossing  region  of 
the  adiabatic  potential  surfaces  instead  of  closing  a  normal  optical 
cycle[8].  Furthermore,  it  is  noticed  that,  in  some  strong  coupling  centers, 
the  giant  excess  energy  AE  released  to  the  lattice  may  even  give  rise  to  the 
defect  reactions  before  dissipating  away  [9]. 

So  far,  the  nonlinear  optical  techniques  have  mainly  been  developed  in  and 
applied  to  the  research  field  of  weak  coupling  systems  with  great  successes. 
It  will  be  a  challenging  target  to  make  clear  what  is  going  on  during  the 
ultrafast  relaxation  processes  of  strong  coupling  systems  by  using  sophisti¬ 
cated  optical  techniques. 
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Double  Laser  Excitation  Spectroscopy  on  Picosecond 
Photochemical  Reactions  in  Alkali  Halide  Crystals 
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Department  of  Applied  Physics,  Faculty  of  Fngineering, 

Tohoku  University,  Aramaki  Aoba,  Sendai  980,  Japan 


Photo-induced  defect  formation  process  in  alkali  halide  crystals  is 
one  of  the  most  extensively  investigated  photochemical  reactions  in  con¬ 
densed  matters.  It  is  established  that  the  Frenkel  pair  consisting  of  an  F 
center  (a  halogen! X)  vacancy  occupied  by  an  electron)  and  an  H  center  (an 
interstitial  halogen  atom  with  a  molecular  form  of  Xi3')  is  primarily  gen¬ 
erated  by  photo- i rradi at  ion  through  a  relaxation  process  of  a  self-trapped 
exeiton  (STt).  The  STE  is  a  halogen  molecular  ion  ( X  2 ' )  binding  an  extra 
electron:X2 "  * •  However,  the  details  of  the  branching  mechanism  from  the  STE 
to  the  pair  of  the  F  center  and  the  II  center  (F-H  pair,  hereafter)  have  not 
lieen  understood  satisfactorily.  Although  a  number  of  picosecond  spectro¬ 
scopic  3tudies(l-31  were  made  on  this  process  to  obtain  information  on  the 
branching  mechanism,  consecutive  reaction  steps  included  in  this  process, 
as  shown  in  Fig.l,  made  the  interpretation  of  the  experimental  results 
somewhat,  obscure.  Oie  group!  1  ]  attributed  the  observed  growth  time  of  the  F 
center  to  an  electron- trapping  rate  (k2)  of  the  self-trapped  hole  ( X  2 '  I  , 
anot.her[2]  to  an  internal  relaxation  rate  ( k 3 1  of  the  self-trapped  exeiton 
at  higher  excited  states  (STEh),  the  other[3]  to  a  branching  rate  (k«)  from 
STEh  to  F-H  pair(F+Hnn).  Recently,  we  have  developed  a  spectroscopic  system 
for  picosecond  laser  photolysis  to  observe  a  chemical  reaction  from  photo- 
excited  "intermediates".  This  system  allowed  us  to  observe  the  branching 
step  (ki)  of  the  F-H  pair  from  the  STEh  selectively  without  any  inter¬ 
ference  from  the  other  preceding  steps.  Experimental  results  of  NaCl  and 
RbCl  crystals  are  presented  in  this  paper. 


X" 


Fig.  1 

Schematic  energy  diagram  for 
electron-hole  recombination 
process  to  yield  F-H  pairs 
( F+H 0 d I  in  alkali  halide 
crystals.  X" : halogen  ion, 
STE’s: self-trapped  excifons 
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Fig. 2 

Schematic  diagram  of  picosecond 
spectrometer  for  double  laser 
photolysis.  S:sample,  Q:fused 
quartz,  Mi ,M2 : polychroma tor, 
P.D.A. :photodiode  array,  CL: 
cylindrical  lens. 


The  picosecond  spectroscopic  system  of  the  double  laser  photolysis  is 
shown  in  Fig. 2  and  will  be  described  in  detail  elsewhere! 4 ] .  Used  were  two 
pulsed  laser  systems  connected  to  each  other  with  a  timing  circuit.  A 
nanosecond  UV  pulse  from  a  KrF  laser  ( 5 . OOeV , 20ns )  was  employed  as  the 
first  exciting  source  to  generate  the  self-trapped  exciton  at  the  lowest 
triplet  state  (STEilthe  intermediate).  A  picosecond  red  pulse  from  a  mode- 
locked  ruby  laser  ( 1 . 78eV, 40ps )  was  used  as  the  second  excitation  source  to 
pump  the  STEi  to  the  STEb  before  the  STEl  decays  radiatively  (re  lumi .  in 
Fig.l).  Since  the  decay  times  of  the  STEl  in  NaCl  and  Kiel  crystals  are 
0.34  and  3.0ms,  respectively,  the  delay  time  of  the  ruby  laser  pulse  to  the 
KrF  pulse  was  fixed  to  0.10ms.  A  conventional  pump  &  probe  technique  with 
picosecond  continuum  was  utilized  to  obtain  time-resolved  absorption 
spectra  in  picosecond  range  under  the  second  excitation.  Ultrapure-graded 
NaCl  and  RbCl  single  crystals  were  grown  in  Utah  University.  A  11x16x3. 5mm3 
block  was  kept  at  15K  in  a  cryostat. 

Shown  in  the  left  frame  of  Fig. 3  is  a  temporal  change  of  absorption 
spectra  of  NaCl  crystal  at  14K  before  and  after  the  second  excitation.  The 
t  ime  zero  corresponds  to  the  time  when  the  peak  of  the  ruby  pulse  reaches 
the  crystal.  The  STE  absorption  obviously  observed  around  2 . OeV  in  the 
spectrun  at  -58ps  evidences  the  generation  of  the  STEl  by  the  first  excita¬ 
tion.  The  STE  absorption  decreases  instantaneously  with  the  second  excita¬ 
tion  as  shown  by  curves  from  -25ps  to  208ps,  while  the  F  absorption  in¬ 
creases  as  compensation  for  the  STE  absorption.  As  shown  in  the  right  frame 
of  Fig. 3,  RbCl  crystal  exhibited  a  similar  absorption  change.  The  STE  ab¬ 
sorption  of  RbCl  peaking  at  1.9eV  was  imnediately  substituted  by  the  F  ab¬ 
sorption  at  2. OeV  under  the  second  excitation.  From  the  convolution 
analysis  of  the  temporal  changes  of  the  STE  and  the  F  absorption,  it  was 
confirmed  that  the  photo-conversion  from  STEi  to  F  center  in  both  crys¬ 
tals  occurs  within  the  response  limit  (20ps)  of  the  present  detecting  sys¬ 
tem. 
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Fig. 3  Time-resolved  absorption  spectra  of  NaCl (left  frame)  and  RbCl 
(right.)  crystals  at  I4K  und^r  the  second  recitation  with  a  mode_ 
locked  ruby  laser  0.10ms  after  the  first  excitation  with  KrF  laser. 


From  the  pumping  power  dependence  of  the  secondarily  induced  F  absorp¬ 
tion,  the  net  branching  efficiencies  from  STEn  to  F  center  were  estimated 
to  be  about  0.08  and  0.05  for  NaCl  and  RbCl ,  respectively.  These  small 
values  of  the  blanching  efficiency  imply  that  the  considerable  conversion 
from  STEl  to  F  center  as  seen  in  Fig. 3  is  caused  by  repetitional  excitation 
of  the  STEl  restored  from  the  STEb  during  the  pulse  duration  of  the  ruby 
laser.  The  branching  times  were  also  estimated  to  be  0.4  and  0.7ps  for 
NaCl  and  RbCl,  respectivelj’.  Since  the  averaged  frequency  of  the  vibration 
coupling  to  the  STE  is  expected  to  be  about  2xl012s-‘,  the  extremely  short 
branching  times  suggest  that  the  conversion  from  STE  to  F  center  is  com¬ 
pleted  within  a  few  periods  of  lattice  vibration.  These  results  may  be  ex¬ 
plained  by  the  dynamical  mechanism  of  the  non-radiative  transition  from 
STE«  to  F  center  and/or  STEl,  as  proposed  by  SONG  and  LEUNG ( 5 1  ,  as  far  as 
alkali  chloride  crystals  are  concerned. 
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Among  numerous  polymers, polydiacetylenes  are  of  special  interest  because 
of  their  large  optical  nonlinearities,  ultrashort  To  [1]  and  T,  [2-4],  and 
phase  transitions  with  dramatic  color  changes  [5].  we  have  performed  a 
detailed  study  of  time-resolved  absorption  spectrum  of  a  pol ydi acetyl ene 
(poly-3BCMU)  with  the  side  groups  of  R=3BCMU  ( 3-butoxycarbonylmethyl - 
urethane).  In  the  present  study  time  evolution  from  femtosecond  to 
submillisecond  was  extensively  investigated,  including  temperature  (10- 
290  K),  probe  light  polarization,  and  pulse  energy  dependences. 

The  experiment  was  performed  using  the  amplified  pulses  of  the  CPM-ring 
dye  laser  (2.0  eV,  100  fs),  the  second  harmonic  pulses  (2.33  eV)  of  a 
mode-locked  Nd:YAG  laser  (30  ps)  and  a  Q-switched  Nd:YAG  laser  (5  ns), 
respectively.  Cast  film  samples  with  thickness  of  the  order  of  100  nm  were 
used.  The  temperature  dependence  was  studied  using  a  continuous-gas-flow 
cryostat. 

Figures  1  and  2  show  transient  photoinduced  absorption  spectra  when  the 
polarization  of  pump  pulse  and  that  of  probe  light  are  parallel  to  each 
other.  A  photoinduced  bleaching  peak  appears  at  the  absorption  peak  of 
singlet  excitons  (1.93  eV  at  10  K  and  2.00  eV  at  290  K)  and  broad-band 
absorption  is  observed  below  1.9  eV  both  at  10  and  at  290  K.  This 
absorption  is  most  probably  caused  by  self-trapped  singlet  excitons.  At 
uhe  delay  time  between  -0.1  ps  and  0.1  ps,  i.e.  the  probe  pulse  arrives  at 
the  sample  simultaneously  with  the  pump  pulse,  three  minima  are  observed 
at  1.97,  1.78,  and  1./0  eV  (Fig.  2).  The  bleaching  peak  at  1.97  eV  is  the 


Fig.  1.  Photoinduced  absorption  spectra  at  the  delay  time  of  0.1  ps. 
Fig.  2.  Photoinduced  absorption  spectra  at  10  K. 
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hole  burned  by  the  1.97-eV  pump  pulse  and  the  other  two  minima  can  be 
explained  in  terms  of  Raman  gain.  The  shifts  are  consistent  with  the 
reported  phonon  frequency  [6). 

Measurements  carried  out  with  crossed  polarization  direction  of  pump 
and  probe  field  reproduce  in  effect  the  spectra  depicted  here  except  that 
the  three  negative  peaks  are  vanished  and  the  absorbance  change  is  about 
30%  smaller.  The  corresponding  anisotropy  of  the  absorption  is  observed  in 
the  ground  state.  The  excited  states  anisotropy  remains  for  more  than 
several  picoseconds. 

Figure  3  shows  the  temporal  evolution  of  the  absorbance  change  at  the 
three  different  energies.  The  bleaching  at  1.97  eV  has  a  maximum  at 
0.0  ps,  because  the  hole  is  observed  at  this  photon  energy.  Both  formation 
time  constants  for  the  absorption  at  1.77  eV  and  the  bleaching  at  1.92  eV 
are  less  than  the  resolution  time  of  the  present  study,  100  fs.  Assuming 
the  absorbance  changes  decay  exponentially,  the  decay  time  constant  is 
estimated  to  be  2. 0+0. 2  ps  at  10  K  and  1.5+0. 2  ps  at  290  K. 

An  exciton  length  in  one-dimensional  chains  can  be  estimated  using  the 
phase  space  filling  model  [7j.  The  relative  change  in  the  absorption 
caused  by  excitons  is  giver,  by 

(1) 

where  fi  is  the  photogenerated  exciton  density.  The  saturated  exciton 
density  p  is  obtained  as  1.0x10^°  cm"-*  at  290  K,  Using  the  value  for  the 
cross-serfiona 1  area  for  a  polymer  chain  of  100  A^  [8],  an  exciton  length 
is  estimated  to  be  66  A. 

The  intensity  of  the  absorbance  change  was  found  to  be  saturated  when 
the  pump  intensity  is  increased.  The  saturation  photon  densities  are 
obtained  to  be  ( 1 . 2+0. 3 ) x T 0 ' ^  and  ( 1 . 6+0. 4)xl0 '  ^  photons/cnr  at  290  and 
10  K,  respective! y.  However,  the  shape  as  well  as  the  temporal  behavior  of 
the  photoinduced  absorption  are  independent  of  the  pump  intensity.  The 
saturation  can  be  explained  by  the  bleaching  (saturation  absorption)  at 
the  pump  wavelength.  The  absorption  of  triplet  excitons,  which  «as 
observed  at  1.41  eV  in  polydiacetylene-PTS  by  two  photon  excitation  [4  ] . 
is  not  observed  in  poly-3BCMU  films  at  the  peak  power  up  to  10  G'w/cm  . 


Fig.  3.  The  time  dependences  of  the  photoinduced  absorbance  changes. 
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Bleaching  is  still  observed  at  10  ><s  after  5-ns  pulse  excitation  in 
1.7-2. 3  eV.  Hence  there  is  another  intermediate  with  much  longer  lifetime 
than  1.5  ps.  No  difference  in  the  spectral  shape  of  the  absorbance  change 
between  the  picosecond  and  the  nanosecond  experiments  can  be  observed.  The 
decay  kinetics  in  the  nanosecond  region  can  be  represented  by  erf [ ( t/t)_d ] 
with  -c  =  80  ns  and  d=0.65+0.04.  This  absorbance  change  is  discussed  in 
terms  of  band  depletion  due  to  another  long-lived  intermediate,  since  the 
spectral  change  can  be  closely  reproduced  by  the  energy  derivative  of  the 
absorbance  spectrum.  This  type  of  decay  function  (t~l  Ms)  was  also 
observed  for  anoti.er  polydiacetylene,  PTS  [9].  Triplet  exciton  absorption 
was  observed  around  1.4  eV  with  18.2+0.5 m$  lifetime  at  excitation  energy 
we11  above  the  band  gap. 

[n  conclusion,  the  time-resolved  photoinduced  absorption  spectrum  of 
poly-38CMU  has  been  studied  from  femtoseconds  to  microseconds.  The  hole 
burning  and  the  absorption  of  self-trapped  excitons  have  been  observed.  An 
exciton  length  has  been  estimated  as  66  A. 
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Kretschmann  [1]  was  the  first  to  demonstrate  that  the 
reflectivity  of  a  thin  metal  layer  (e.g.  silver)  evaporated 
on  a  transparent  and  optically  dense  substrate  (e.g.  glass) 
as  measured  by  a  light  source  coming  from  the  glass  side 
depends  strongly  on  the  angle  of  incidence.  In  the  neigh¬ 
borhood  of  the  so-called  "plasmon  angle",  the  reflectivity 
of  the  glass-metal-air  system  can  display  a  sharp  minimum. 
This  decrease  in  reflectivity  is  called  Attenuated  Total 
Reflection  (ATR)  and  is  a  result  of  surface  plasmon  (SP) 
generation.  The  electro-magnetic  field  penetrates  into  the 
metal  and  excites  "leaky"  SP  at  the  metal-air  interface. 

With  the  use  of  two  mode-locked  dye  lasers,  producing 
"yellow"  and  "red"  pulses  of  5  ps  FWHM  we  have  observed  the 
generation  and  decay  of  surface  plasmons .  [2]  We  direct 

both  beams  through  a  prism  of  BK7  onto  a  45  nm  film  of 
silver  evaporated  on  the  prism.  The  two  beams  both  reach 

the  silver  film  at  approximately  the  plasmon  angle  (0=43® 
in  our  case) .  The  yellow  pump  beam  creates  SP  propagating 
along  the  silver  film  at  almost  the  speed  of  light.  The 
energy  dumped  by  the  decaying  "yellow"  SP  temporarily 
changes  the  dielectric  constant  of  silver.  After  a  variable 
delay  the  red  probe  pulse  measures  the,  slightly  changed, 
reflectivity  of  the  glass-silver-air  system  in  the  same  ATR 
configuration . 

Under  typical  experimental  conditions  we  focus  two  laser 
beams  of  15  mW  average  power  each  on  the  film  and  the  rise 
in  temperature,  corresponding  to  the  energy  dumped  by  one 
laser  pulse,  is  about  1  K.  The  resulting  gain/loss  in  the 

intensity  of  the  reflected  probe  beam  is  typically  10"<;t-10~~) 
A  special  double -modulation  technique  [2]  at  8.8  Mhz  allows 
us  to  reach  almost  the  quantum-noise  limit  and  detect 

changes  in  the  reflectivity  of  10'^  (RC-time=0.4  s). 

Conservation  of  momentum  along  the  film  (phase  matching) 
restricts  the  propagation  of  the  SP  to  one  direction.  One 
thus  expects  the  heat  distribution  along  the  film, 
resulting  from  the  decay  of  SP,  to  have  an  exponential 
tail.  Experimentally  we  observe  the  spatial  distribution  of 
heat  by  moving  the  red  probe  spot  with  respect  to  the 
yc ' low  pump  spot  over  the  film  meanwhile  monitoring  the 
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signal  strength.  A  perfect  exponential  "heat"  tail  (more 
than  two  decades)  was  observed  and  a  mean- free  path  of  the 
optical  SP  of  12.8(7)  pm  could  be  determined.  From  the 
theoretical  dispersion  relation  of  the  SP  we  know  their 
group  velocity  to  be  0.89c  so  the  measured  mean- free  path 
reflects  a  momentum  life  time  of  48(3)  fs. 

The  previous  spatially- resolved  data  were  obtained  for  a 
probe  pulse  arriving  about  hundred  picoseconds  after  the 
pump  pulse.  It  is  also  very  interesting  to  observe  the 
change  in  reflectivity  as  a  function  of  time  for  fixed 
angle  and  exact  overlap  between  the  laser  foci.  As  we  have 
a  time  resolution  of  5  ps  there  is  no  possibility  to 
observe  the  decay  of  the  SP  directly  in  the  time  domain, 
but  we  can  look  at  their  decay  products. 

In  Fig.l  we  have  pictured  a  typical  time  -  resolved 
measurement.  The  long-time  decay  (ns)  of  the  reflectivity 
results  from  the  diffusion  of  heat.  Although  the  heat 
diffusion  constant  of  silver  is  almost  a  thousand  times 
larger  than  that  of  BK7  glass,  the  larger  surface  and  larger 
thermal  gradient  perpendicular  to  the  film  make  the  heat 
diffusion  into  the  glass  dominant.  This  can  also  be 
concluded  from  the  observed  quasi -one -dimensional  behavior 
of  the  heat  diffusion;  the  ns  decay  is  almost  insensitive 
to  the  size  of  the  focused  laser  spots. 

In  Fig. 2  we  present  a  measurement,  concentrating  on  the 
short-time  decay,  that  clearly  shows  an  intriguing  oscil¬ 
lation  in  the  reflectivity.  We  will  explain  these  small  and 
fast  (24  ps)  oscillations  in  terms  of  acoustic  phonons 
bouncing  up  and  down  the  film.  Similar  oscillations  have 
been  recently  observed  by  Thomsen  et  al.  [3]  in  the  absorp¬ 
tion  of  a-As2Te3- 


Fig.l  Reflectivity 
change  of  probe  induced 
by  pump  pulse 
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Fig. 2  Reflectivity 
change  of  probe  induced 
by  pump  pulse 


The  electric  field  associated  with  the  surface  plasmons 
has  a  penetration  depth  in  the  silver  of  only  12  nm,  so 
most  of  the  energy  is  released  in  a  thin  upper  layer  at  the 
silver-air  interface.  The  deposited  energy  first  of  all 
gives  rise  to  an  increase  in  the  temperature  but  also 
creates  an  expansion  of  the  lattice,  part  of  it  being 
stationary  and  part  of  it  in  the  form  of  a  "strain  wave" 
travelling  at  the  speed  of  sound  perpendicular  to  the 
surface.  From  a  microscopic  point  of  view  acoustic  phonons 
are  generated  by  multi-phonon  decay.  The  experimental  run 
of  Fig. 2  was  fitted  by  an  exponentially  decaying  sinusoidal 
curve.  The  oscillation  period  could  be  determined  with  1  % 
accuracy  to  be  23.8(3)  ps .  Using  the  45  nm  thickness  of  the 
film  we  calculate  a  longitudinal  speed  of  sound  of 
v=3.78(5)  km/s .  The  decay  of  the  acoustic  signal  is  almost 
completely  due  to  transmission  of  phonons  into  the  glass. 
The  measured  decay  (50+5  %)  agrees  with  the  calculated 
acoustic  reflection  coefficient  at  the  silver-glass 
boundary  and  losses  due  to  other  scattering  processes  must 
therefore  be  weak. 


1.  E.  Kretschmann,  Z.  Physik  241 .  313  (1971). 

2.  M.  van  Exter  and  A.  Lagendijk, 

Phys .  Rev.  Lett.  60,  49  (1988). 

3.  C.  Thomsen,  J.  Strait,  Z.  Vardeny,  H.J.  Maris,  J.  Tauc 
and  J.J.  Hauser,  Phys.  Rev.  Lett.  55,  989  (1984). 


282 


Femtosecond  Image-Potential  Dynamics  in  Metals 

R.W.  Schoenlein  l,J.G.  Fujimoto  G.L.  Eesley 2,  and  W.  Capehart2 

1  Department  of  Electrical  Engineering  and  Computer  Science, 
Research  Laboratory  of  Electronics, 

Massachusetts  Institute  of  Technology,  Cambridge,  MA02139,  USA 
2Physics  Department,  General  Motors  Research  Laboratories, 

Warren,  MI  48090,  USA 


We  report  the  first  time-resolved  studies  of  image-potential  states  in  metals.  Fem¬ 
tosecond  ultraviolet  pump  and  visible  probe  techniques  are  combined  with  two-photon 
photoemission  energy  spectroscopy  to  perform  transient  photoemission  measurements 
with  femtosecond  resolution.  The  n  =  1  image-potential  state  in  Ag(100)  is  ob¬ 
served  to  decay  within  a  few  tons  of  femtoseconds. 

The  existence  of  image-potential  states  has  been  theoretically  predicted'1!  and  ex¬ 
perimentally  investigated  using  inverse  photoemission'2!  as  well  as  two-photon  photoe¬ 
mission  techniques!3''1!.  They  represent  a  unique  class  of  surface  states  created  by  the 
Coulombic  attraction  between  an  electron  existing  outside  a  material  surface  and  the 
electronic  image  charge  in  the  solid.  Electrons  in  these  states  are  essentially  trapped  by 
the  image-potential  on  one  side  and  a  potential  barrier  at  the  crystal  surface  created 
by  a  gap  of  available  electronic  states.  This  results  in  a  two-dimensional  electronic 
confinement  in  which  the  wavefunctions  exist  primarily  outside  the  solid.  The  energy 
levels  form  a  Rydberg-like  series  approaching  the  vacuum  potential. 

Energy  levels  of  image-potential  states  may  be  predicted  using  a  simple  hydrogenic 
model  which  yields  a  binding  energy  Eg  ~  1/n2  with  a  maximum  binding  energy  of 
—  Rv  =  0.85  eVl2'.  Echenique  et  al.'1,5!  have  developed  a  more  detailed  theoretical 
treatment  based  on  wavefunction  phase  analysis.  They  predict  binding  energies  and 
estimate  the  lifetime  broadening  of  the  states  by  considering  the  wavefunction  overlap 
with  the  crystal.  Two-photon  photoemission  measurements  in  Ag  (100)  have  yielded 
binding  energies  of  0.53  eV  and  0.16  eV  ±  0.02  eV  for  the  n  =  1  and  n  =  2  states, 
respectively!4!. 

Our  studies  are  performed  on  the  (100)  surface  of  Ag  using  a  two-photon  pump 
and  probe  photoemission  technique  employing  both  visible  and  ultraviolet  femtosecond 
pulses.  The  laser  system  consists  of  a  CPM  ring  dye  laser  with  an  8  kHz  copper  vapor 
laser  amplifier'6!  which  produces  55  fs  pulses  at  620  nm  (2  eV).  Ultraviolet  pulses  of  ~ 
60  fs  duration  (at  4  eV)  are  generated  in  the  pump  arm  by  frequency  doubling  in  a  100 
pm  KDP  crystal.  A  prism  pair  is  employed  to  compensate  dispersion  in  the  UV  due 
to  optical  components. 

The  UV  pulses  populate  the  n  =  1  image-potential  state  via  nonresonant  transi¬ 
tions  from  occupied  bulk  states  below  the  Fermi  energy.  The  transient  dynamics  of  the 
image-potential  state  are  probed  by  a  delayed  visible  (2  eV)  pulse  which  photoemits 
electrons  to  the  vacuum.  Both  visible  and  UV  beams  were  P-polarized.  No  photoc- 
mission  was  observed  with  S-polarized  light,  commensurate  with  selection  rules.  The 
two  wavelength  technique  breaks  the  symmetry  of  standard  two-photon  photoemission, 
thereby  separating  effects  of  the  pump  from  those  of  the  probe.  One-photon  photoc- 
mission  from  image-potential  states  with  visible  photons  is  more  effective  than  with 
UV  photons  since  most  of  the  UV  energy  is  absorbed  by  d-band  transitions.  Thus,  the 
effects  of  nonequilibrium  heating  are  limited  by  working  at  the  lowest  possible  UV  flu- 
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ences.  This  approach  permits  nearly  background-free  measurements  of  electron  energy 
spectra  on  a  femtosecond  time  scale. 

The  single  crystal  Ag  sample  was  cut  in  a  (100)  orientation  with  an  accuracy  of 
±2°,  polished  and  sputter  ion  cleaned  in  a  10" 10  torr  vacuum  chamber.  Surface  quality 
was  verified  using  standard  LEED  and  Auger  spectroscopy.  Photoemitted  electrons  are 
detected  by  a  cylindrical  mirror  analyzer  (CMA)  with  an  energy  resolution  of  better 
than  200  meV  and  a  collection  angle  of  ~  15°. 

Figure  1  shows  a  series  of  two-photon  (4  eV  and  2  eV)  photoemission  spectra  taken 
at  various  time  delays  with  UV  and  visible  ftuences  of  ~  5  x  10“2  mJ/cm2  and  ~  0.7 
mJ/cm2,  respectively.  Positive  delay  corresponds  to  visible  pulses  arriving  after  the  UV 
pulses,  and  the  zero  energy  was  determined  by  the  onset  of  the  photoemission  signal. 
The  image-potential  peak  appears  at  ~  1.5  eV  which  corresponds  to  the  n  —  1  image 
state  lying  ~  0.5  eV  below  the  vacuum  potential  and  is  consistent  with  previously 
reported  results^.  Photoemission  from  the  n  =  2  state  is  not  observed  since  the  4  eV 
pump  energy  is  not  sufficient  to  populate  this  state.  The  185  meV  energy  width  is 
limited  by  the  resolution  of  the  energy  analyzer. 

The  time  decay  of  the  observed  signal  is  quite  rapid,  indicating  an  excited  state 
lifetime  which  is  comparable  to  the  pulse  duration.  Population  of  the  n  —  1  state  via 
nonresonant  transitions  results  in  a  broad  electronic  distribution  which  extends  over  a 
range  of  energies  and  momentum  states  in  the  fc||  direction.  Because  of  the  acceptance 
angle  of  the  CMA,  our  measurements  are  sensitive  to  electrons  with  finite  transverse 
momentum  and  this  may  affect  the  observed  lifetime.  There  is  no  evidence  of  electron 
dynamics  within  the  n  =  1  band  since  the  energy  profile  and  width  does  not  change 
substantially  over  the  lifetime  of  the  state. 

The  background  (>  200  fs  delay)  photoemission  spectra  (xlOO)  is  shown  for  refer¬ 
ence.  We  observe  a  peak  at  1.5  eV  resulting  from  three- (2  eV)  photon  photoemission  via 
the  n  =  1  image-potential  state.  The  peak  at  3.5  eV  corresponds  to  two- (4eV) photon 
photoemission  from  the  n  =  1  state. 


i 


Fig.  1.  Photoelectron  energy  spectra  at  vari¬ 
ous  time  delays  showing  the  dynamics  of  the 
image-potential  state. 


Fig.  2.  Cross-correlation  trace  and 
femtosecond  transient  decay  of  the 
image-potential  state. 
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Figure  2  shows  a  time-resolved  photocmission  measurement  taken  with  the  energy 
analyzer  tuned  to  the  peak  of  the  image-potential  signal  at  1.5  eV.  Also  shown  is  a 
UV/visible  cross-correlation  measurement  taken  under  identical  experimental  condi¬ 
tions  by  quenching  the  image-potential  lifetime  by  adsorbing  oxygen  onto  the  sample 
surface.  This  is  important  in  order  to  accura'cly  determine  the  pulse  duration  at  the 
sample  as  well  as  the  zero  delay.  The  finite  lifetime  of  the  image-potential  state  is  evi¬ 
denced  by  the  asymmetry  of  the  pump-probe  trace  and  the  shift  toward  positive  delay. 
This  clearly  indicates  that  the  process  is  not  instantaneous.  Theoretical  fits  performed 
by  convolving  the  cross-correlation  with  single  sided  exponentials  indicate  a  decay  time 
in  the  range  of  10  to  30  fs.  However,  the  dynamics  of  these  states  may  be  sensitive  to 
surface  impurities. 

In  summary,  transient  dynamics  of  the  n  =  1  image-potential  state  in  Ag  (100)  have 
been  investigated  using  femtosecond  ultraviolet  pump  and  visible  probe  techniques  com¬ 
bined  with  two-photon  photocmission  energy  spectroscopy.  This  novel  approach  sepa¬ 
rates  effects  of  the  pump  from  those  of  the  probe  and  permits  nearly  background-free 
measurements  of  photoclcctron  spectra  with  femtosecond  resolution.  Our  results  show 
the  population  of  the  n  =  1  image-potential  state  and  the  subsequent  relaxation  of  the 
electron  gas  on  a  time  scale  comparable  to  the  pulse  duration.  High  resolution  pump- 
probe  measurements  indicate  an  excited  state  lifetime  of  a  few  tens  of  femtoseconds 
which  is  within  the  range  predicted  by  theoryl1,5!.  The  observed  lifetime  is  relatively 
long  for  such  high-energy  electrons  (~  4  eV  above  the  Fermi  energy)  indicating  that  the 
image-potential  states  are  considerably  decoupled  from  the  solid.  Additional  studies 
incorporating  a  variable  wavelength  femtosecond  UV  pump  should  provide  information 
about  the  dynamics  of  higher  order  states  and  their  coupling  to  the  crystal  lattice. 
This  technique  should  have  applications  for  performing  time-resolved  surface  studies 
in  a  variety  of  material  systems. 
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We  have  developed  a  luminescence  spectroscopy  system  with  65  fs  time 
resolution  and  high  sensitvity.  Using  this  technique,  we  have  investigated  a 
number  of  phenomena  of  fundamental  and  device  importance  in 
semiconductors  and  their  microstructures. 

1.  INTRODUCTION 

Femtosecond  spectroscopy  is  a  very  powerful  technique  for  investigating  properties  of 
matter.  Excite-and-probe  techniques  with  time  resolution  as  short  as  6  fs  [11  have  been 
used  for  such  studies.  Luminescence  spectroscopy  provides  complementary  information 
but  has  been  limited  to  a  time  resolution  of  about  400  fs  [2],  We  have  recently 
demonstrated  [3]  that  it  is  possible  to  measure  luminescence  spectra  with  65  fs  time 
resolution  and  with  good  sensitivity.  We  are  therefore  able  to  measure  luminescence 
spectra  with  time  resolution  better  than  most  excite-and-probe  studies. 

We  describe  important  features  of  this  65  fs  luminescence  spectroscopy  system  and 
discuss  how  we  have  used  ultrafast  luminescence  spectroscopy  to  investigate  (i)  transport 
of  carriers  in  semiconductor  superlattices,  (ii)  intervalley  scattering  in  GaAs  and  (iii) 
exciton  transfer  between  monolayer-flat  regions  in  a  single  quantum  well. 

2.  LUMINESCENCE  SPECTROSCOPY  WITH  65  fs  TIME  RESOLUTION 

The  technique  we  used  is  based  on  the  principle  of  sum  frequency  generation  [4],  The 
time  resolution  is  determined  by  the  laser  pulsewidth  and  the  group  velocity  dispersion  in 
the  nonlinear  crystal  used  for  upconversion  [5].  We  have  discussed  earlier  [3]  that  for  a 
given  excitation  density,  the  upconverted  luminescence  signal  is  proportional  to  the 
average  power  incident  on  the  nonlinear  crystal  under  the  conditions  of  our  experiments. 
It  is  therefore  essential  to  have  a  laser  with  narrow  pulsewidth  and  a  reasonably  large  (  > 
100  mW)  average  power. 

The  starting  point  for  the  present  experiments  was  a  Rh  6G  dye  laser  synchronously 
pumped  with  the  second  harmonic  of  a  compressed,  mode-locked  YAG  laser  [6].  lire  dye 
laser  output  was  typically  300  mW  average  power  at  80  MHz  repetition  rate,  with  300  fs 
pulsewidth.  We  compressed  these  pulses  [3]  using  a  fiber-prism  compressor  [7,8].  The 
fiber  length  was  12.7  cm  and  the  separation  between  the  60  degrees  fused  quartz  prisms 
was  approximately  180  cm.  Using  200  mW  input  power,  we  obtained  60  fs  compressed 
pulses  with  an  average  power  of  120  mW.  Increasing  the  input  power  to  300  mW 
increased  the  pulsewidth  to  65  fs  and  the  average  power  to  150  mW.  It  may  be  possible  to 
further  improve  these  results  by  optimizing  the  fiber  length  and  other  parameters  of  the 
compressor.  These  results  were  obtained  with  the  dye  laser  operating  at  5900  A  .  The 
tunability  of  the  compressed  pulses  was  not  investigated. 
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Fig.  1.  Schematic  of  luminescence  spectroscopy  system  for  65  fs  time  resolution. 


Luminescence  spectroscopy  was  performed  by  splitting  this  laser  into  two  beams  (Fig. 
1).  One  beam  excited  the  luminescence  which  was  collected  by  dispersion  free  optics  and 
focussed  or.  a  0.3  mm  thick  nonlinear  crystal  of  Li/Oj.  The  second  compressed  laser 
beam  was  passed  through  a  variable  delay  stage  and  was  also  focussed  at  the  same  point 
in  the  nonlinear  crystal.  Sum  frequency  photons  were  generated  only  during  the  laser 
pulse,  thus  providing  the  femtosecond  time  resoultion.  The  phasematching  restrictions 
and  a  spectrometer  provided  the  necessary  spectral  resolution. 

The  time  resolution  of  the  system  was  determined  by  measuring  the  cross-correlation 
between  the  scattered  light  from  the  surface  of  the  sample  with  the  delayed  laser  beam  at 
the  nonlinear  crystal.  A  typical  cross-correlation  trace  is  shown  in  Fig.  2.  This 
demonstrates  a  time  resolution  of  65  fs.  The  time  evolution  of  luminescence  intensity  at 
1.78  eV  from  bulk  GaAs  at  300  K  is  also  shown  in  Fig.  2.  Compared  to  the  earlier  result 
[2],  we  can  resolve  a  short  delay  in  the  onset  of  luminescence.  Similar  results  for  GaAs  at 
other  energies  and  for  AlGaAs  were  reported  in  [3]. 

3.  BLOCH  TRANSPORT  IN  SUPERLA  TTICES 

The  formation  of  minibands  in  thin  superlattices  leads  to  a  number  of  interesting 
transport  phenomena,  including  the  possibility  of  Bloch  oscillations.  While  transport  of 
carriers  over  large  distances  in  the  direction  perpendicular  to  the  superlattice  planes 
(perpendicular  transport)  has  been  established,  the  nature  of  such  transport  is  not  well 
established.  Using  time  resolved  luminescence  spectroscopy  in  stepwise  graded  gap 
superlattices  (see  inset  of  Fig.  3),  we  have  achieved  a  better  understanding  of  the  nature 
of  this  transport. 
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Fig.  2.  (a)  Cross-correlation 

showing  system  time  resolution:  (h) 
1-iiminescence  from  hulk  GaAs 
showing  the  delay  in  onset  [3j. 
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Fig.  3.  Time  resolved  luminescence 
spectra  from  a  20/20  graded  gap 
GaAs/AlGaAs  superlattice;  inset 
shows  the  sample  structure  and  the  c\\ 
luminescence  spectrum 
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The  cw  luminescence  spectrum  of  a  stepwise  graded  gap  superlattice  sample  (iaset  of 
Fig.  3)  shows  a  series  of  peaks,  each  corresponding  to  a  step  in  the  sample.  Therefore, 
the  peak  of  the  time  resolved  luminescence  spectrum  at  a  given  delay  after  the  excitation 
pulse  directly  determined  the  position  of  photoexclted  carriers  in  superlattices  [9J.  Fig.  3 
shows  the  time  resolved  spectra  for  a  20/20  superlattice  (i.c.  superlattice  with  20  A  GaAs 
well  and  20  A  AlGaAs  (30  %  Al)  barrier).  These  spectra  clearly  establish  the  motion  of 
the  carriers  in  the  perpendicular  direction. 

By  measuring  such  luminescence  spectra  for  superlattices  of  different  periodicities,  we 
established  that  transport  in  thin  superlatticcs  proceeds  via  Bloch  states  (Bloch  transport) 
and  determined  the  mobility  for  such  transport.  We  determined  the  variation  of  the 
mobility  for  perpendicular  transport  with  superlattice  period  and  showed  that  localization 
effects  become  important  for  barrier  thicknesses  >  30  A  .  Our  technique  thus  provides 
important  information  about  transport  in  semiconductor  superlattices. 

4.  INTER  VALLEY  SCA  TTERING  IN  GaAs 

We  have  observed  [10]  that  the  luminescence  intensity  in  GaAs  photoexcited  with  300 
fs  pulses,  rises  extremely  slowly,  taking  nearly  10  ps  to  reach  its  peak  value.  This  long 
risetime  is  in  contrast  to  a  much  faster  risetime  observed  in  InP  (Fig.  4).  We  have  shown 
that  this  difference  between  two  very  similar  semiconductors  arises  from  the  fact  that,  for 
our  excitation  photon  energy  (2.04  eV),  photoexcited  electrons  are  energetically  allowed 
to  make  a  transition  to  the  L  valley  in  GaAs  but  not  in  InP.  Therefore,  the  slow  rise  in 
GaAs  is  primarily  caused  by  a  slow  return  of  the  carriers  from  the  L  valley  to  the  F  valley. 
By  comparing  these  data  with  Monte  Carlo  simulations,  we  have  determined  that  the 
average  T  to  L  transfer  time  is  100  fs  and  the  average  L  to  1'  return  time  is  2.5  ps.  These 
arc  important  parameters  for  understanding  high  field  transport  in  GaAs. 
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J.  EXCITON  TRANSPORT  IN  A  SINGLE  QUANTUM  WELL 

Interruption  of  growth  at  hetero-interfaces  leads  to  formation  of  large,  monolayer-flat 
islands  in  quantum  wells.  We  have  investigated  the  transfer  of  cxcitons  between  these 
islands  by  time  resolved  luminescence  spectroscopy. 

Fig.  5  shows  the  time  resolved  spectra  from  a  single  quantum  well  whose  nominal 
width  is  25  A.  Two  distinct  luminescence  features  are  observed,  arising  from  islands  with 
average  thickness  of  10  monolayers  (higher  energy  feature)  and  11  monolayers  (lower 
energy  feature).  Initially  the  higher  energy  luminescence  dominates,  indicating  that  the 
islands  with  10  monolayer  thickness  dominate  within  the  excitation  spot  (  ~  30  n m 
diameter).  With  increasing  time  delay,  the  excitoas  traasfer  to  islands  with  larger 
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thickness  as  shown  by  the  decrease  in  the  high  energy  feature  and  an  increase  in  the  low 
energy  feature.  We  find  that  the  transfer  time  is  about  200  ps. 

6.  SUMMARY 

We  have  built  a  system  that  allows  measurement  of  luminescence  spectra  with  65  fs 
time  resolution  and  with  high  sensitivity.  We  have  discussed  important  features  of  this 
system  and  reviewed  our  recent  work  on  semiconductors  and  semiconductor 
microstructures  using  the  technique  of  ultrafast  luminescence  spectroscopy.  This  work 
sheds  new  light  on  many  phenomena  which  are  of  fundamental  interest  in  semiconductor 
physics  and  which  form  the  basis  for  understanding  many  interesting  and  useful  devices. 

Acknowledgement:  It  is  a  pleasure  to  acknowledge  collaborations  with  A.  C.  Gossard, 
B.  Lambert,  P.  Lugii,  A  Regreny,  W.  T.  Tsang  and  C.  W.  Tu,  and  to  thank  A.  E. 
DiGiovanni  for  technical  assistance. 


[1]  R.  L.  Fork,  C.  H.  Brito  Cruz,  P.  C.  Becker  and  C.  V.  Shank,  Opt.  Lett.  12,  483 
(1986) 

[2]  Jagdeep  Shah,  T.  C.  Damen,  B.  Deveaud  and  D.  Block,  Appl.  Phys.  Lett.  50,  1307 
(1987) 

[3]  T.  C.  Damen  and  Jagdeep  Shah,  Appl.  Phys.  Lett.  52,  1291  (1988) 


292 


[4]  H.  Mahr  and  M.  D.  Hirch,  Opt.  Commun.  13,  96  (1975) 

[5]  Jagdeep  Shah,  IEEE  J.  Quantum  Electronics  QE-24,  276  (1988) 

[6]  We  thank  Spectra  Physics  for  the  loan  of  the  pulse  compressor 

[7]  R.  L.  Fork,  O.  E.  Martinez  and  J.  P.  Gordon,  Opt.  Lett.  9,  150  (1984) 

[8]  J.  D.  Kafka  and  T.  Baer,  Opt.  Lett.  12,  401  (1987) 

[9]  B.  Devcaud,  Jagdeep  Shah,  T.  C.  Damen,  B.  Lambert  and  A.  Regreny,  Phys.  Rev. 
Lett.  58,  2582  (1987) 

[10]  Jagdeep  Shah,  B.  Devcaud,  T.  C.  Damen,  W.  T.  Tsang  and  P.  Lugli,  Phys.  Rev. 
Lett.  59,  2222  (1987) 

[11]  B.  Deveaud,  T.  C.  Damen,  Jagdeep  Shah,  and  C.  W.  Tu,  Appl.  Phys.  I^ett.  51,  828 
(1987) 


293 


Femtosecond  Carrier-Carrier  Scattering  Dynamics 
in  p-Type  and  n-Type  Modulation-Doped  Quantum  Wells 
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Optical  studies  of  carrier  thermalizat:  ion  dynamics  in  semiconductors  [1-3] 
suffer  from  two  basic  ambiguities  which  have  received  very  little  attention 
in  experimental  and  theoretical  studies  in  the  past.  For  each  photon  which 
is  absorbed,  one  electron  and  one  hole  are  created.  Since  the  electrons  and 
holes  in  general  have  different  properties  we  should  expect  that  their 
subsequent  relaxation  dynamics  will  be  different.  In  studies  of  optical 
saturation,  the  experimental  observable  is  the  absorpt ion,  wh ich  is  related 
indirectly  to  the  sum  of  the  electron  and  hole  occupation  functions.  Thus, 
optical  absorption  saturation  experiments  cannot  provide  information  on  the 
separate  contributions  of  the  electrons  and  holes.  Therefore,  the  separate 
contributions  of  electrons  and  holes  to  the  t her ma 1 i za t ion  rate  and  the 
separate  contributions  to  the  optical  absorption  saturation  signals  are 
of  interest  to  study. 

We  discuss  a  new  set  of  experiments  in  which  the  goal  is  to  determine 
which  scattering  process  (e-e,  c-h  or  h-h)  provides  the  dominant 
contribution  to  the  therroa  1  i  zat  ion  rate  of  a  non-thermal  carrier 
distribution.  Monte-Carlo  simulations  indicate  that  the  electron  population 
dynamics  dominate  the  saturation  signals.  We  use  GaAs  multiple  quantum  wells 
(MQW)  which  are  doped  at  about  3xlo"  cn"^  with  either  excess  electrons  or 
excess  holes,  thus  breaking  the  symmetry  imposed  by  charge  neutrality  in 
optical  excitation  of  undoped  semiconductors.  We  excite  at  less  than  one 
phonon  excess  energy  so  that  carrier-carrier  scattering  is  the  only 
relaxation  mechanism  in  our  experiments. 

We  use  an  infrared  femtosecond  spectroscopic  system  which  has  been 
recently  developed  which  generates  intense  100  fs  continuum  pulses  centered 
at  805  nra  [4],  This  provides  excitation  pulses  of  100  fs  duration  which  are 
continuously  tunable  around  the  CaAs  bandedge  with  about  10-20  nj  pulse 
energies,  obtained  by  a  scries  of  10  nm  bandpass  filters.  In  a  previous 


therma 1 izat ion  time  of  about  100  fs  us.  obtained.  Figure  la  snows  the  same 

11—? 

sample  excited  at  about  3~5xJ0  cm  carrier  density.  At  this  high 
density,  the  nonthermal  distribution  is  twice  as  broad  as  the  pump  pulse 
bandwidth  and  we  obtain  about  30  fs  thermalizat ion  time,  by  comparison  with 
our  relaxation  time  approximation  model.  At  low  densities,  elastic 
scattering  dominates,  exchanging  small  amounts  of  energy  per  collision, 
At  high  densities  inelastic  scattering  becomes  important,  however,  screening 
reduces  the  scattering  rate,  so  the  net  dependence  on  carrier  density  is 
weak.  When  we  repeat  the  experiment  in  n-type  QW  (Figure  lb),  we  do  not 
resolve  a  non-thermal  d  is t r ibu t ion.  This  indicates  that  the  therma 1 i zat ion 
is  faster  than  our  system  can  resolve  (less  than  10  fs  by  comparison  with 
our  relaxation  time  approximation  model).  Thus,  the  electron-electron 
scattering  contribution  to  femtosecond  carrier  therma 1 izat ion  is  apparently 
very  important.  We  then  repeat  this  in  p-type  QW  doped  at  2x10*^  cm"^ 
(Figure  1c)  and  obtain  a  completely  different  result.  In  this  case  a  non* 
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(a)  UNDOPED 


n  on! 


Figure  1.  Differential 
transmission  spectra  for 
undoped  and  modulation- 
doped  samples.  Excitation 
density  is  about  2x10^ 
per  cnr .  For  the  undoped 
case,  broad  holeburning  is 
observed  with  about  a  30  fs 
therma 1 iza t ion  time.  For  the 
n-type  case,  no  holeburning 
is  obtained,  indicating  less 
than  10  fs  therma 1 izat ion 
time.  P-type  samples  show 
strong  liolcburning  with  a 
60  fs  thermalization  time 
and  also  a  large  dynamical 
edge  broadening. 


thermal  distribution  is  clearly  observed  around  t=0,  but  a  large  negative 
dip  is  observed  around  t=0.  This  is  due  to  a  large  instantaneous 
renormalization  of  the  Fermi  sea.  This  effect  appears  to  be  much  larger  for 
the  p-type  case  than  the  n-type  case.  The  thermalization  time  is  about  60  fs 
for  this  case,  by  comparison  with  our  model.  Optical  excitation  densities 
are  about  2-3x10^  cn’^  for  HD  samples. 

We  obtain  thermalization  times  from  this  data,  assuming  that  there  is 
no  loss  of  cariers  to  intervalley  scattering,  radiative  or  nonradiative 
decay  and  no  phonon  emission,  using  a  relaxation  time  approximation  [5]  with 
a  local  equilibrium  distribution  which  conserves  carriers,  and  we  set  the 
initial  distribution  energy  equal  to  the  final  Boltzmann  distribution  energy 
so  that  the  relaxation  conserves  energy.  Wc  have  compared  the  results  of  our 
relaxation-time  approximation  model  with  Monte-Carlo  simulations  which  have 
been  recently  carried  out  [6].  We  show  in  Figure  2  the  electron  occupation 
function  for  the  conditions  of  the  low  density  experiments  (undoped, 
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Figure  2.  Monte-Carlo  simulation  of  therma  1  izat ion  of  electron 
distribution  for  undoped  sample  at  2x10***  cm"^. 

excitation  at  2x10*0  cm“2)  The  connection  between  the  sum  of  the  electron 
and  hole  occupation  functions  and  the  absorption  bleaching  is 
complicated  in  regions  of  absorption  in  which  excitonic  or  continuum 
resonances  [7]  modulate  the  absorption  above  the  density  of  states 
significantly.  In  the  present  case,  we  excite  non-thermal  distributions  in 
the  n=l  continuum  where  the  absorption  is  not  resonantly  enhanced  so  that  we 
may  make  a  reasonably  direct  correlation  between  bleaching  and  occupation. 

In  summary,  we  find  that  carrier  th zrma  1  izat ion  in  n-type  doped 
samples  is  much  faster  than  in  p-type  dope.,  samples,  suggesting  that  e-e 
collisions  make  the  dominant  contribution  to  femtosecond  carrier 
thermalization  in  near  bandedge  excitation  conditions.  Thcrmalization  times 
of  less  than  10  fs  are  obtained  for  n-type  materials.  Our  relaxation  time 
approximation  model  provides  a  good  qualitative  description  of  our  results, 
and  Monte  Carlo  simulations  indicate  that  the  electron  population  dominates 
the  transient  optical  saturation  signals.  Further  studies  will  be  required 
to  determine  dependence  of  these  relaxation  rates  on  excess  energy,  doping 
and  excitation  density,  well  size,  and  other  parameters. 
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Cooling  of  hot  carriers  in  undoped  Gao^Ino.^As  has  been  investigated  systema¬ 
tically  so  far  in  bulk  material  with  a  free  surface  /l/  and  in  a  thin 
Gao.tflno.szAs/ AIqmItio.iiAs  multiple-quantum-well  (MQW)  structure  /2/.  We 
report  here  a  comparative  study  of  the  cooling  behavior  of  hot  carriers  in  a 
AIoabItio.mAs  /  Gao. 47/no. 53A.S  /  InP  heterostructure  (thickness  of  the  GaoArlno.siAs- 
layer:  0.75/im)  and  in  Gao. 47/no. 53A.S / AIoasItio.hAs  MQW’s  of  a  well  thickness  of 
3.4,  8.0  and  13.8nm. 

Our  samples  are  directly  excited  with  picosecond  pulses  of  a  synchronously 
pumped  dye  laser  (  repetition  rate  80MHz,  pulse  duration  4 ps).  The  laser  pulses 
with  a  photon  energy  of  1.48eV  are  only  absorbed  in  the  Gao.47/no.53.As  layers. 
All  experiments  are  performed  at  a  temperature  of  5K.  The  photoluminescence  in 
the  infrared  spectral  range  between  1.0  and  1.55/xm  is  spectrally  dispersed  by  a 
monochromator  and  temporally  resolved  by  a  2D  Hamamatsu  synchroscan  streak 
camera,  using  a  SI  photocathode.  The  time  resolution  amounts  to  15ps  and  is 
limited  by  temporal  broadening  of  the  spectrometer  and  the  trigger  jitter  of  the 
streak  camera  system. 

Transient  photoluminescence  spectra  of  the  bulk  sample  are  depicted  in  Fig. 
1.  Assuming  fast  thermalisation  between  electrons  and  holes,  we  can  perform  a 
linefit  of  the  luminescence,  using  a  band-band  recombination  model. 


Fig.l  Transient  photolumincsccnce 
spectra  for  bulk  Ga0 .47/710.63^5  at 
three  different  delay  times  (40,  160, 
and  470ps)  depicted  for  an  excitation 
density  of  2.2  *  1018C7ti~3.  The  spectra 
have  been  normalized  and  multiplied 
by  a  factor  of  105,  104,  and  103  for 
delay  times  of  40,  160,  and  470ps, 
respectively 
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The  nonequilibrium  carrier  temperature  and  the  excitation  density  as  a  function 
of  time  delay  after  the  excitation  pulse  are  obtained  in  that  way.  These  experi¬ 
mental  results  are  compared  with  cooling  curves  calculated  by  a  theoretical  model 
/2/  taking  into  account  energy  loss  by  polar  optical  scattering  ,  acoustic  deforma¬ 
tion  potential  scattering  and  carrier  heating  by  Auger  processes.  We  introduce  a 
factor  F,  which  describes  the  reduction  of  polar  optical  energy  loss  in  comparison 
to  the  theory  at  high  excitation  densities  because  of  LO  phonon  overpopulation 
and/or  screening  of  the  Coulomb  interaction  between  carriers  and  lattice  atoms. 
The  other  a  priori  unknown  parameters  which  enter  the  model  are  the  acoustic 
deformation  potential  constant  EAc  of  holes  and  Auger  coefficient  CA. 

Figure  2  shows  the  experimentally  obtained  cooling  curves  (symbols)  and  theo¬ 
retically  calculated  curves  (solid  lines).  The  most  important  results  from  this 
fitting  procedure  concerns  the  Frohlich  interaction  in  GaoAiIno.aAs.  We  observe 
a  polar  optical  energy-loss-rate  (ELR)  in  the  heterostructure  for  low  excitation 
density  (5  *  1018cm-3),  which  is  close  to  theoretical  expectations  (F=3).  Therefore 
the  strength  of  the  electron  (hole)-londitudinal  optical  (LO)  phonon  interaction  is 
well  described  by  the  theoretically  predicted  Frohlich  interaction.  For  higher  exci¬ 
tation  densities  the  polar  optical  ELR  is  strongly  reduced  in  comparison  to  theory, 
for  example  F=100  for  an  excitation  density  of  2.2  *  1018cm.~3.  This  reduction  is 
mainly  caused  by  a  nonthermal  population  of  LO  (and  transverse  optical  (TO)) 
phonons. 

A  value  of  EAc  =  3eV  is  obtained  for  the  acoustic  deformation  potential  of  holes 
and  a  value  of  7  *  10 "29cm6sec-1  for  the  Auger  coefficient. 

Next  we  investigate  the  problem  of  carrier  cooling  in  multiple  quantum  well 
(MQW)  structures  of  well  thickness  3.4,  8.0,  and  13.8nm,  thus  studying  the  tran¬ 
sition  from  bulk  to  quasi  2D  systems  and  the  well  thickness  dependence  of  the 
different  energy  loss  rates.  The  above  explained  experiment  and  fitting  procedure 
is  performed  on  these  MQW’s.  Again  we  concentrate  first  on  polar  optical  energy 
loss  of  these  structures.  As  depicted  in  Fig. 3,  the  polar  optical  energy  loss  in  all 
MQW’s  is  close  to  theoretical  expectations,  indicating  a  strength  of  the  Frohlich 


Fig. 2  Cooling  data  for  bulk 
Ga0A1lTiQ^2As  for  different  excitation 
densities.  Theoretical  fits  are  depic¬ 
ted  (solid  curves)  using  EAc— 3eV  and 
F=100,70,40,  and  3  for  excitation  den¬ 
sities  of  2.2*10I8,5*1017, 1.5*1017,  and 
5  *  1018cm-3.  The  dashed  curve  shows 
a  theoretical  curve  for  the  highest  ex¬ 
citation  density  with  the  same  para¬ 
meters,  but  neglecting  Auger  recombi¬ 
nation. 
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Fig. 3  Reduction  of  polar  optical  en¬ 
ergy  loss  as  a  function  of  (two- 
dimensional)  excitation  density  for 
the  3.4nm  thick  MQW  (circles),  the 
8.0nm  thick  MQW  (triangles)  and  the 
13.8nm  thick  MQW  (squares) 


interaction  comparable  to  the  3D  case.  However,  a  small  increase  of  the  polar 
optical  ELR  in  the  low  excitation  limit  is  found  with  decreasing  well  thickness. 
This  theoretically  predicted  effect/3 /  has  also  been  observed  in  a  cw  experi¬ 
ment/4/.  For  higher  excitation  density  a  reduction  of  the  polar  optical  ELR  is 
observed  in  the  MQW’s  comparable  to  the  bulk  case.  All  MQW’s  show  a  similar 
reduction  of  polar  optical  ELR  as  a  function  of  the  2D  excitation  density,  which 
indicates  the  two-dimensional  character  of  the  carrier  systems  in  these  structures. 

Further  results  concern  the  dependence  of  the  ELR  by  acoustic  deformation 
potential  scattering  of  holes  and  the  dependence  of  the  Auger  processes  on  quan¬ 
tum  well  thickness.  We  observe  an  increase  of  the  ELR  by  acoustic  deformation 
potential  scattering  of  heavy  holes  with  decreasing  well  thickness.  The  acoustic 
deformation  potential  scattering  depends  on  the  heavy  hole  effective  mass  m'h  and 
the  acoustic  deformation  potential  Eac  via  (m"h)s^E\c.  Therefore  the  observed 
increase  of  the  acoustic  deformation  potential  scattering  can  be  attributed  to  an 
increase  of  the  effective  heavy  hole  mass  as  well  as  to  an  increase  of  the  acoustic 
deformation  potential.  We  also  observe  a  decrease  of  the  Auger  coefficient  with 
decreasing  well  thickness  and  therefore  increasing  energy  of  the  first  electron- heavy 
hole  transition.  A  similar  dependence  of  the  Auger  coefficient  on  the  energy  gap 
has  been  also  reported  for  InGaAsP  /5/. 

Travel  support  by  the  Stifterverband  fur  die  deutsche  Wissenschaft  is  gratefully 
acknowledged. 
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1.  INTRODUCTION 

Quantum  transport  of  photogenerated  carriers  through  a  barrier  layer  with  an 
indirect  band  gap  was  studied.  With  the  use  of  AlAs/GaAs  double  quantum  well 
(DQW)  structures  in  which  two  wells  have  different  widths,  the  tunneling  of 
carriers  from  one  well  to  the  other  can  be  observed  directly  by  measuring  the 
photoluminescence  (PL)  from  the  two  wells  with  different  recombination 
energies.  For  the  barrier  layers,  we  choose  AlAs  to  avoid  possible  uncertainty  of 
barrier-height  energy  coming  from  compositional  fluctuation  when  we  use  a 
barrier  made  of  A1  Ga,_xAs.  Two  wells  of  different  widths  (60  and  80A)  are 
separated  by  the  AlAs  barrier  of  the  thickness  of  LB.  (Fig.  1)  Several  samples 
with  different  LD(l5~120A)  were  used  for  the  study  of  the  dependence  of 
tunneling  rate  on  LD.  The  samples  were  grown  on  undoped  GaAs  substrates  by 
molecular  beam  epitaxy. 

2.  EXPERIMENTAL 

The  514.5-nm  (2.41eV)  line  from  Ar+  laser  (Spectra  Physics  Model  171-09)  was 
used  for  excitation  in  the  steady-state  PL  measurements.  For  the  time-resolved 
PL  measurements,  a  dye  laser  synchronously  pumped  by  the  second  harmonics 
of  a  cw  mode-locked  Nd+:YAG  laser  (Spectra  Physics,  Model  3460)  was  used. 
The  pulse  width  and  wavelength  of  the  dye  laser  were  about  5ps  and  575nm 


Fig.l  The  schematic  band  diagram 
of  the  DQW  structure. 
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(2.16eV),  respectively-  The  time  dependence  of  the  PL  intensity  was  measured  by 
a  time-correlated  single-photon  counting  method. 


3.  RESULTS  AND  DISCUSSION 

The  steady-state  PL  spectrum  at  4.2K  for  a  GaAs/AlAs  DQW  sample  with  the 
barrier  width  of  28A  is  shown  in  Fig.  2.  It  has  two  peaks  1  and  2  with  the  peak 
energies  of  1.63eV  and  1.59eV,  corresponding  to  Well  1  (L?=60A)  and 

Well  2(Lz=8oA),  respectively.  The  peak  energies  are  consistent  with  a  simple 
envelope-function  approximation. 

Figure  3  shows  the  ratio  of  the  spectrally  integrated  intensity  of  PL  at  4.2K 
between  Well  1  (I;)  and  Well  2  (I2)  as  a  function  of  the  barrier  width.  Tunneling 
process  plays  an  important  role  for  the  barriers  narrower  than  40A.  We  analyze 
this  tunneling  process  by  the  following  rate  equations  [1]  : 

dn1/dt=G1-n1/r1-vn1  (1) 

dn2/dt=G2-n2/r2+vn1  (2) 

where  n1(  ,  is  the  population  of  the  photogenerated  carriers,  G,^  is  the  generation 
rate,  and  r ,,2.  is  the  life  time  of  the  photogenerated  carriers  in  Well  1(2), 
respectively.  Tunneling  rate  v  from  Well  1  to  Well  2  is  given  by  [1] 

v  =  v  0  •  4kE( V  -  E)/(4kE( V  -  E)-H(k  -  1)E+ V)2sinh2(LB/  X )]  (3) 

where  X  is  the  l/e  penetration  depth  of  the  wave  function  into  the  barrier,  and  u  „ 
corresponds  to  the  classical  period  of  the  electron  motion  in  the  well,  and  k  is  the 
ratio  of  the  electron  mass  in  the  barrier  to  that  in  the  well,  and  V  is  the  barrier 
height  energy,  and  E  is  the  energy  of  the  electron.  V  is  calculated  from  the 
difference  in  the  energy  of  T -valleys  between  AlAs  and  GaAs  by  using  Kroemer’s 
62:38  rule.  [2] 

Thus  by  using  the  steady  state  solutions  of  the  rate  equations,  the  ratio  I,  to  I2 
'.s  calculated  as 

IA=(  -  r  J  *  rI)/((l+G2/Gi)  r  2  V  +G2  r  2/G,  *  ,J,  (4) 


EMISSION  WAVELENGTH  (him) 


790  7S0  770  7  00 


EMISSION  ENERGY  (eV) 

Fig.2  The  steady  state  PL  spectrum 
for  Ld=28A 


Fig.3  The  ratio  of  I,  to  I2  is  plotted 
as  a  function  of  LB.  The 
dashed  line  represents  the 
fitted  curve. 
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where  r  rl(2)  's  the  radiative  recombination  time  for  Well  1(2),  rrl/rt2  is  estimated 
as  1.1  from  a  simple  quantum  mechanical  calculation.  By  fitting  the  experimental 
results  to  eqs  (3)  and  (4),  we  estimated  A  and  ug  as  6A  and  4xlOMs  *, 
respectively.  The  dashed  line  in  fig.3  is  the  fitted  curve. 

Figure  4  shows  the  decays  of  PL  from  the  sample  with  Lp=28A  (Sample  A)  and 
59A  (Sample  B)  at  4.2K  and  77K.  We  estimate  the  decay  time  by  the  convolution 
of  an  exponential  decay  function  and  instrument  function.  The  estimated  decay 
times  of  and  L  for  LB=28A  are  30ps  and  50ps  at  4.2K,  respectively,  and  40ps 
and  160ps  at  77Jv,  respectively.  As  for  LB=59A,  those  of  Ix  and  I2  are  50ps  and 
50ps  at  4.2K,  respectively,  and  lOOps  and  130ps  at  77K,  respectively.  The  decay 
times  of  I;  are  shorter  than  that  of  I2  in  Sample  A,  but  the  difference  is  small  in 
Sample  B.  This  is  because  an  electron  can  tunnel  from  Well  1  to  Well  2  in 
Sample  A  (LB=28A)  but  can  not  in  Sample  B  (LD=59A).  The  decay  of  I,  and  I2 
can  be  simply  written  as: 

Ij(t)=Ae~  1  (5) 

I2(t)=Be“*/I2-C  •  e  ll/T+t,>  * 

~Be“l|'r2  .  (6) 

Thus  we  can  estimate  tunneling  rate  v  from  the  difference  between  decay  times 
for  and  I2  and  get  v  (LB=28A)=2x  I0‘°s  *. 

According  to  a  simple  envelope-function  approximation  where  p -X  mixing  is 
neglected  the  penetration  depth  \  can  be  written  as  ‘b/j2mt(V -E)  and  u „  as 
h/(4m  L  y  [3]  .  These  values  are  calculated  to  be  5.8A  and  7.6xlOlSs_1, 
respectively.  The  tunneling  rate  are  calculated  to  be  0.9 xlO10  by  using  these  values 
and  eq.(3).  These  values  are  in  good  agreement  with  the  experimental  results. 

Recently  Ando  suggested  that  the  mixing  of  the  r  valley  with  X-valley  in 
GaAs/A^Ga^As  system  has  little  effect  on  tunneling  property  even  when  the  X- 

Z^i 


valley  is  lower  than  the  T -valley.  [4]  Therefore  it  is  valid  to  analyze  our 
experimental  results  with  the  simple  envelope-function  approximation  because  r-X 
mixing  has  little  effects  on  the  DQW  system  in  our  study  although  the  energy  of 
X-valley  of  AlAs  is  lower  than  that  of  the  r -valley. 

4.  SUMMARY 

We  observed  the  tunneling  process  in  AlAs/GaAs  DQW  structures  directly  with 
time-resolved  and  steady-state  PL  measurements,  and  obtained  the  tunneling  rate 
of  2xl010s_1  for  Ln=28A  and  penetration  depth  of  the  wave  function  into  the  AlAs 
barrier  is  6A.  This  is  consistent  with  the  simple  envelope  function  approximation. 
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Resonant  tunneling  (RT)  phenomenon  in  double-barrier  (DB)  heterostructure 
[1,2]  has  a  conceptual  similarity  to  a  transmission  of  optical  waves  in 
Fabry -Perot  (FP)  resonator  and  involves  time  delay.  Its  dynamics  should  be 
investigated  since  they  limit  the  ultimate  speed  of  RT  devices.  Such  a 
study  will  also  clarify  both  the  validity  and  the  limitation  of  FP  analogy 
of  RT.  In  this  paper,  we  report  our  study  on  the  electron  dynamics  in  AlAs- 
GaAs-AlAs  DB  structures  by  measuring  the  time  resolved  photoluminescence 
(PL).  Picosecond  pulses  of  a  mode- locked  dye  laser  were  used  to  generate 
electron  hole  pairs  in  quantum  wells  (QW)  in  the  structures,  and  the 
subsequent  PL  from  particular  QWs  was  monitored  by  a  streak  camera  to 
determine  the  time  variation  of  electron  density  in  the  QWs,  which  is  lost 
by  recombination  (radiative(3  ]  and  nonradiative)  and/or  tunneling.  Since 
the  heavy  hole  mass  is  quite  heavy,  hole  tunneling  can  be  neglected  at 
least  in  the  initial  phase  of  tunneling. 

1.  Escape  of  Electrons  from  Double-Barrier  Resonant  Tunneling  Structures!  4 ] 

RT  in  DB  structures  is  a  basic  and  key  process  which  governs  the  ultimate 
speed  of  RT  diodes.  Electron  build  up  into  QW  and  escape  from  QW  causes 
intrinsic  tirre  delay  due  to  multiple  reflection.  In  ideal  case,  build  up 
time  and  escape  time  are  ~Ti/Ae,  where  AE  is  the  width  of  transmission  peak. 
To  investigate  this  process,  we  prepared  a  series  of  AlAs,/6.2nm-GaAs/AlAs  DB 
structures  with  the  barrier  width  Lg  =  2.8~6.2nm.  The  tunneling  escape 
rate  1/xT  of  optically  generated  electrons  in  GaAs  QW  through  thin  AlA.s 
barriers  was  determined  by  measuring  the  decay  time  of  QW-PL.  The  laser 
is  set  to  generate  electron  heavy-hole  pairs  only  in  the  ground  subband. 
The  measured  decay  time  was  ~50ps  when  Lg  =  2.8nm  and  increased 
systematically  as  Lg  was  increased,  approaching  asymptotically  that  of 
multi  QW,  which  is  equal  to  the  recombination- limited  lifetime  xR.  XT  was 
estimated  to  be  1A-1AR,  and  is  plotted  in  Fig.1  as  a  function  of  Lg.  Note 
that  X m  increases  as  exp(Lg/const).  The  data  for  Lg<4nm  fit  well  with  the 
theoretically  predicted  tunneling  lifetime  (broken  line  and  chained  line) 
Xt=2Ti/Ae,  indicating  that  the  tunneling  escape  process  is  well  described  by 
the  simple  FP-like  model.  In  Lg>5nm,  however,  a  discrepancy  appears.  This 
seems  due  to  an  un-canceled  portion  of  non-radiative  recombination  process, 
which  is  kncwn  to  be  less  in  multi  QW  than  in  single  QW  structures. 

2.  Electron  Dynamics  in  Coupled  Resonant  TVinnelinq  Structures 

Next,  we  investigated  the  effect  of  resonant  coupling  on  tunneling  process 
in  coupled  QWs  of  Fig. 2,  where  Lg=3.1nm,  Lw-j=7.1nm,  and  LW2  =  5.1nm.  We 
measured  the  variation  of  tunneling  rates  at  different  bias  voltage  Va 
applied  to  the  semi-transparent  Schottky  contact  formed  at  the  surface.  The 
photon  energy  of  laser  was  chosen  to  be  1.771eV  to  generate  carriers  in  both 
wells.  Under  the  flat  band  condition  (Va~t 0.6V),  the  electrons  in  QW2  have 
the  highest  energy,  and  therefore,  transfer  to  QW1  or  escape  rightwards  to 
outside.  When  the  ground  levels  of  QW1  and  QW2  are  in  resorvancet Va — 0.6V), 


304 


Springer  Series  in  Chemical  Physics.  \\,l.  1”  UUrafast  Phenomena  VI 
Editors:  T  Yajima  •  K.  Yosluliara  -OB  Harris  ■  S.Sliionova 
(?)  Springer- Verlag  Berlin  Heidelberg 


■  ,  ;  -  aigqas 

-  Lw  =  6.2nm  /  '  (x-0.3)\ 

-90K  /  /  |\  K 

10  f  *  45K  !  j  ]  nI 

-  •  20K  i  !  - 

^  ;  /  /  ; 

s  /  /,  i  ■  '"n 

S,03  r  VB=1.36eV  y  /  I  ,  ^ 

h  :  /  V  :  ' 

/:  /VB=0.96eV  ' 

102  /  /  .  Fig. 2  Band  di 

*  / 

:  li)  : 

L  ,  .  ,  (  X,  ,  ,  ,  x._J 

0  1  2  3  4  5  6  7 
BARRIER  THICKNESS  lB  (nm) 

Fig.1  The  measured  and  calculated  tunneling  escape 
time  in  AlAs/GaAs/AlAs  DB  structure  vs.  barrier 
thickness,  where  Vn  is  barrier  height  o 

'a  J  i  inr 


GW1 

( Lw=71A) 


DB(AIAs) 


Fig. 2  Band  diagram  of  coupled  RT  structure 


QW1  ^ 
( Lw=71A) 


rGW2{Lw=51A) 


OW2(Lw=5IA) 

tt. 


Md-q. 


applied  voltage  (v) 

(a) 


APPLIED  VOLTAGE  (V) 

(b) 


Fig. 3  PL  decay  time(a)  and  time-integrated  PL  intensity(b)  as  a  function  of  applied 
voltage 


interwell  tunneling  is  enhanced.  When  Va  is  made  further  negative, 
resonance  breaks  down,  and  tunneling  from  QW1  to  QW2  comes  to  be  allowed. 
Measured  PL  decay  time  and  time-integrated  PL  intensity  I  at  1 5K  are  shown 
in  Fig. 3  as  a  function  of  Va.  Their  variations  with  Va  indicate  large 
change  in  resonant  tunneling  dynamics  as  will  be  described  below. 

Before  resonance!  Va> -0.1  V),  the  grajnd  level  El  (QW1 )  of  QW1  is  far  less 
than  that  El  (QW2)  of  QW2.  The  PL  decay  time  of  QW1  (t1  )  in  this  case  is 
~400ps,  which  is  nearly  equal  to  radiative  recombination  lifetime  tR.  In 
contrast,  the  decay  time  of  QW2  (T2>  is  ~50ps.  This  decay  rate  I/T2  is 
equal  to  the  sum  of  two  escape  rates  1 1^23’  1  /f  21  whi°i1  correspond  to  the 
tunnel  escape  from  QW2  to  outside  and  to  QW1  ,  respectively.  The  former 
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< X2 3 )  is  estimated  to  be  ~100ps  by  the  measured  data  of  Fig.1  with  the  use 
of  relation  Xrpoc  1^  .  Hence  the  latter  X 12  is  found  to  be  also  ~100ps.  Note 
that  this  tunneling  process  was  clearly  observed  also  in  excitation  spectrum 
of  QW1 ,  where  the  structure  associated  with  QW2  exciton  appeared.  With 
these  time  constants,  PL  efficiency  X11  of  QW1  and  that  T)2  of  QW2  are 
expected  to  be  -1  and  -0.1,  respectively,  since  X)  2=x2/xR.  The  expected 
values  agree  well  with  the  data.  '  “ 

When  El  (QW1 )  and  El  (QW2)  are  close  to  but  slightly  off  the  resonance(- 
0.4 V< Va< -0.1  V) ,  QW1  and  QW2  get  slightly  coupled,  which  allows  a  slow 
electron  transfer  (injection)  from  (XI  to  (X 2.  This  leads  to  the  increase 
in  x2.  When  the  two  levels  are  at  resonance(-0.7V<Va<-0.4V),  interveil 
tunneling  gets  frequent  and  large  variations  in  decay  time  and  PL  intensity 
appear.  The  fact  that  X-|~X2  and  I^~I2  in  this  region  indicates  that  the 
interwell  tunneling  time  x12  is  much  faster  than  x23(~100ps).  This  is 
confirmed  by  the  measured  delay  time  of  the  PL  peak,  which  shows  that  x12  is 
less  than  the  time  resoluticn(~30ps)  of  the  detection  system.  Indeed,  vfoen 
barrier  height  is  1.1  3eV,  x23  is  calculated  to  be  lOOps  for  1^=7.)  nm  and 
LB=3.1nm,  while  Tt  2  is  predicted  to  be  0.62ps  from  the  calculated  energy 
splitting  AE(~h/l12f  for  coupled  QW  with  Lw.=Lw2=6.2nm  and  Lg=3.1nm.  Hence, 
quasi-equilibrium  exists  between  N1  and  N2,  the  electron  density  of  each 
well.  The  total  density  N(=N1+N2)  is  then  written  as  dN/dt=-N2/x23=- 
N/(1+R)t23,  where  R  is  N1  /N2.  This  indicates  that  the  lifetimes  x-]  ancf  x2 
get  equal  and  are  (1+R)x23,  while  the  PL  efficiencies  are  RT23/2TR  for  QWT 
and  T23/2TR  for  QW2.  Therefore,  one  expects  that  Tt  equals  x2,  and 
7)!  Al2(~R)  decreases  as  Va  decreases,  which  agrees  with  the  data.  Since  X23 
is  expected  to  chanqe  with  Va  less  sensitively  than  R  does,  x-, ,  X2  andx^ 
should  decrease,  and  TU  is  nearly  constant  as  Va  decreases.  Note  here  also 
that  XR  and  Xm  (nonradiative  recombination  lifetine)  have  not  changed 
appreciably  with  Va  in  this  region  for  the  following  reasons;  the  measured 
sum  of  PL  intensity  from  QW1  and  QW2  in  this  region  varies  with  Va  in 
proportion  to  x-|(~x2),  indicating  that  xR  is  nearly  constant.  In  addition, 
the  remarkable  increase  in  PL  intensity  of  QW2  at  resonance  indicates  that 
the  non-radiative  path  remained  small  here. 

When  Va  gets  more  negative  beyond  the  resonance  (Va<-0.7V),  the  tunneling 
rate  from  QW2  to  QW1  gets  negligible  and  that  (X1  t~  Q”2  s  also 

somewhat  reduced  because  of  the  breakdown  of  resonance.  This  mechanism 
explains  the  increase  in  x1  and  x2,  and  change  in  PL  intensity.  The  data 
indicate  X-,  2  increases  to  ~540ps  since  Xt  (  =  (1  /xr+1  / X-,  2)-1  )  goes  up  to 
~230ps.  The  value  is  reasonable  considering  the  dependence  of  XT  on  L^. 

In  summary,  the  escape  rate  of  electrons  from  DB-RT  structures  was 
directly  measured  and  well  explained  by  FP-like  model.  Electron  dynamics  in 
coupled  RT  structures  were  also  investigated.  Under  the  resonance 
condition,  large  enhancement  of  interwell  tunneling  was  observed  and  the 
decay  process  with  two  QWs  under  quasi-equilibrium  was  detected.  Tunneling 
into  the  other  well  was  observed  under  the  off-resonant  condition,  and  well 
explained  by  FP-like  model. 

We  thank  Dr.  H.  Onose  for  his  help  and  the  Grant-in-Aid  from  the  Ministry 
of  Education,  Science  and  Culture. 
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The  phase  relaxation  of  excitons  in  a  solid,  characterized  by  the  phase  coherence 
time  T2,  which  can  be  determined  by  time-resolved  degenerate  four-wave  mixingjl], 
or  the  corresponding  homogeneous  linewidth  Ti,,  is  a  very  sensitive  sensor  for  the 
interactions  of  the  excitons  with  their  environment.  Measurements  of  the  phase  coher¬ 
ence  time  T2  of  three-dimensional  (3D)  excitons  in  GaAs  subjected  to  collisions  with 
incoherent  excitons  or  free  carriers[2j,  and  acoustic  phonons[3]  at  variable  densities 
have  been  successfully  applied  to  study  the  respective  scattering  mechanisms  and  to 
determine  the  dephasing  efficiency  of  the  corresponding  collision  processes.  The  exper¬ 
imentally  found  dependence  of  T2  on  the  density  of  the  scattering  particles  revealed 
strong  exciton-exciton  interaction  and  even  ten  limes  more  effective  exciton-free  carrier 
scattering.  In  contrast,  much  less  is  known  on  the  phase  relaxation  of  two-dimensional 
(2D)  excitons  in  GaAs,  and  in  particular  on  the  influence  of  the  reduced  dimensionality 
on  the  interactions  of  these  excitons  with  other  quasi-particles[4]. 

We  report  two-pulse  selfdiffraction  experiments  on  free  2D  excitons  in  a  12nm 
GaAs  single  quantum  well.  The  phase  coherence  of  excitons,  generated  by  a  first 
pulse,  is  probed  by  a  second,  delayed  pulse  via  coherent  interaction  and  subsequent 
selfdiffraction.  The  variation  of  the  diffracted  intensity  versus  the  delay  of  the  two 
pulses  reveals  the  phase  relaxation.  The  phase  coherence  time  Tj  is  determined  by 
solving  numerically  the  optical  Bloch  equations  of  the  two  level  system  in  the  small 
signal  regime  and  fitting  the  theoretical  to  the  experimental  diffraction  curves.  We  fit 
the  data  assuming  homogeneous  broadening  of  the  exciton  transition,  therefore,  the 
determined  phase  coherence  times  represent  the  lower  limit  of  the  possible  values  with 
a  maximum  correction  for  strong  inhomogenous  broadening  by  a  factor  of  2  longer 
times. 

We  used  in  the  experiments  pulses  from  two  synchronously  pumped  dye  lasers  with 
2.Gps  duration,  0.9mcV  spectral  width,  and  less  than  2ps  jitter  between  the  pulse 
trains  of  the  two  lasers.  The  pulses  of  one  laser  are  tuned  into  the  center  of  the 
exciton  resonance  to  determine  the  phase  relaxation  of  the  excitons.  The  pulses  of  the 
second  dye  laser  can  be  tuned  independently  to  create  either  resonant  excitons  or 
free  carriers  within  the  sample. 

The  phase  coherence  time  at  low  excitation  densities  (N*  <  10°cm“2)  without 
pumping  excitons  or  free  carriers  with  the  second  dye  laser  and  at  a  temperature  of  2K 
is  Tj  =  6  ±  0.5ps  corresponding  to  a  homogeneous  linewidth  of  T|,  =  0.22  ±  0.02mcV. 
These  values  represent  the  low  density  limits  for  T2  and  T|,  of  this  sample. 
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TEMPERATURE  T  (K) 


DENSITY  N  !  TO9  cm'2 ) 

Figure  1.  Dependence  of  the  homogeneous  linewidth  r j,  of  2D  excitons  in  a  12nm 
Ga As  single  quantum  well  on  the  temperature  (a)  and  the  excitation  density  (b).  The 
solid  lines  are  fits  assuming  a  linear  dependence. 


The  exciton-acoustic  phonon  interaction  is  studied  by  measuring  the  temperature 
dependence  of  the  homogeneous  linewidth.  Absorption  of  one  acoustic  phonon  in  the 
center  of  the  Brillouin  zone  by  an  exciton  leads  to  a  linear  dependence  of  the  homo¬ 
geneous  linewidth  on  the  temperature.  Figure  1(a)  depicts  the  observed  temperature 
dependence  of  the  homogeneous  linewidth,  which  can  be  fitted  very  well  by  the  ex¬ 
pected  linear  dependence  for  one-phonon  absorption.  The  slope  of  7pi,  =  5  ±  1/reV/K, 
which  gives  a  measure  for  the  exciton-acoustic  phonon  interaction  strength,  agrees 
fairly  well  with  the  value  of  7,,!,  =  5peV/K  determined  in  previous  transmission  exper- 
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imcnts  on  cxcitons  in  a  13.5nm  GaAs  single  quantum  well[4).  The  comparison  with 
the  value  of  7P|,  =  17peV /K  determined  for  3D  excitons[3]  demonstrates  a  tremendous 
weakening  of  the  cxciton-acoustic  phonon  interaction  in  2D  compared  with  3D  systems. 

The  interaction  with  incoherent  excitons  and  free  carriers  is  studied  by  measuring 
the  phase  coherence  time  T-r  at  a  temperature  of  2K  in  the  presence  of  excitons  or  free 
carriers  injected  independently  by  the  second  dye  laser.  The  excitons  are  injected  20ps 
before  the  first  pulse  of  the  selfdiffraction  experiment  arrives  to  ensure  that  the  injected 
excitons  have  lost  their  phase  coherence  completely  and  act  only  as  a  background  of 
incoherent  scatterers.  The  free  carriers  arc  created  in  temporal  overlap  with  the  first 
pulse  of  the  selfdiffraction  experiment  to  prevent  the  condensation  of  the  free  carriers 
to  excitons. 

The  determined  homogeneous  linewidth  T|,  as  a  function  of  the  excitation  density 
is  shown  in  Figure  1(b).  We  find  a  linear  broadening  with  increasing  excitation  den¬ 
sity,  starting  at  surprisingly  low  densities.  The  broadening  is  described  by  the  function 

AF(N)  =  T(N)  -  T(0)  =  -)ajEuN  , 


with  ao  the  exciton  Bohr  radius,  Eu  the  cxciton  binding  energy,  N  the  excitation 
density,  and  7  a  dimensionless  broadening  parameter.  The  experimental  values  are 
7l,X  —  3  ±  0.6  and  7C|,  =  23  ±  4  for  exciton-cxciton  and  cxciton-frce  carrier  interaction, 
respectively.  The  cxciton-frcc  carrier  collisions  are  more  effective  than  exciton-cxciton 
collisions  by  a  factor  of  8.  The  cxciton-frcc  carrier  interaction  is  due  to  the  long-ranged 
Coulomb  interaction  while  the  exciton-cxciton  interaction  is  composed  of  an  attractive 
part  due  to  screening  of  the  Coulomb  interaction  and  a  repulsive  part  due  to  the  Pauli 
exclusion  principle  for  identical  fermions,  i.e.  the  electrons  and  holes  which  form  the 
excitons.  The  long-ranged  Coulomb  interaction  is  much  more  efficient  in  scattering  at 
larger  particle  distances  than  the  exciton-cxciton  interaction  and  explains  the  higher 
broadening  coefficient  for  exciton-free  carrier  collisions. 

The  comparison  with  the  broadening  of  3D  cxciton  transitions[2]  yields  at  compa¬ 
rable  particle  distances  a  much  stronger  interaction  of  the  2D  excitons  with  both  free 
carriers  and  incoherent  excitons.  This  result  is  in  agreement  with  the  theoretical  pre¬ 
diction^]  that  screening  effects  are  less  important  in  2D  and  therefore,  the  interaction 
of  2D  excitons  with  incoherent  excitons  and  free  carriers  is  enhanced  compared  with 
3D  excitons. 

The  residual  homogeneous  linewidth  at  low  temperature  and  low  excitation  density 
of  r  1,  =  0.22  ±  0.02mcV  is  attributed  to  interactions  with  impurities,  the  imperfect 
interfaces  of  the  quantum  well,  and  additional  scattering  inside  the  barrier  material 
due  to  the  imperfect  confinement  of  the  exciton  wave  function  in  the  quantum  well 
with  finite  barrier  height. 

In  conclusion,  we  studied  the  phase  relaxation  of  free  2D  excitons  and  their  in¬ 
teraction  with  acoustic  phonons,  free  carriers,  and  incoherent  excitons  by  means  of 
two-pulse  selfdiffraction.  We  find  v-cakcr  interaction  of  the  2D  excitons  with  acoustic 
phonons  but  stronger  interaction  with  free  carriers  and  incoherent  excitons  compared 
to  3D  excitons.  As  a  consequence,  the  phase  relaxation  of  2D  excitons  is  extremely 
sensitive  to  the  excitation  density. 


309 


REFERENCES 


1.  L.  Schultheis,  J.  Kuhl,  A.  Honold,  and  C.W.  Tu:  Phys.  Rev.  Lett.  57,  1797 
(198G) 

2.  L.  Schultheis,  J.  Kuhl,  A.  Honold,  and  C.W.  Tu:  Phys.  Rev.  Lett.  57,  1635 
(1986) 

3.  L.  Schultheis,  J.  Kuhl,  A.  Honold,  and  C.W.  Tu:  in  Proceedings  of  the  18th 
International  Conference  oil  the  Physics  of  Semiconductors,  ed.  by  O.  Engstrom 
(World  Scientific,  Singapore  1987)  p.  1397 

4.  L.  Schultheis,  A.  Honold,  J.  Kuhl,  K.  Kohler,  and  C.W.  Tu:  Phys.  Rev.  B  34, 
9027  (1986) 

5.  S.  Schmitt-Rink,  D.S.  Chemla,  and  D.A.B.  Miller:  Phys.  Rev.  B  32,  6601  (1985) 


310 


Intra-Well  and  Cross-Well  Transport  Measurements 
in  Multiple  Quantum  Wells  Using  Transient  Gratings 

RJ.  Manning 1 ,  A.  Miller 1 ,  D.W.  Crusfi,  D.  Herbert 1 ,  and  K.  Woodbridge 3 

1  Royal  Signals  and  Radar  Establishment,  Great  Malvern, 

Worcs.,  WR143PS,  UK 

2University  of  St.  Andrews,  St.  Andrews,  Fife,  KY169SS,  UK 
3  Philips  Research  Labs.,  Redhill,  Surrey,  RH15HA,  UK 


In  this  paper  we  describe  experiments,  using  sub-picosecond  pulses,  which 
expl oi t  the  1 arge  exci tonic  re  tract i ve  non-1 i neari ty  [ 1 ]  in  quantum  wel 1 s 
in  two  degenerate  four  wave  mixing  configurations.  These  enable  us  to 
study  photo-carrier  transport  along  and  across  wells  in  a  multiple  quantum 
well  sample.  The  two  arrangements,  forward  travelling  and  counter  propa¬ 
gating  (Fig  1),  produce  transient  phase  gratings  parallel  to  and  across  the 
plane  of  the  wells  respectively.  By  measuring  the  temporal  decay  of  these 
gratings,  the  intra-well  and  cross-well  contributions  to  carrier  diffusion 
may  be  determined.  The  diffusion  is  highly  anisotropic,  and  the  decay 
rates  are  dependent  on  the  angle  between  the  grating  and  the  wells. 

The  sample  ( KLB  269)  consisted  of  120  periods  of  6.5  nm  thick  GaAs 
quantum  wells,  separated  by  21.2  nm  AlxGai_xAs  (x  -  0.4)  barriers,  and  was 
grown  by  molecular  beam  epitaxy.  The  substrate  was  removed  by  selective 
etching,  and  the  sample  had  anti-reflection  coatings  deposited  front  and 
back  before  being  mounted  on  sapphire.  We  used  a  tunable,  synchronously 


Figure  1.  a)  Forward  travelling  configuration,  b)  Counter  propagating, 
c)  relative  position  of  wells  to  grating  for  a  rotation  of  the  sample  in  (b) 
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mode-locked  Styryl  9  dye  laser  with  intracavity  saturable  absorber,  giving 
cavity  dumped  pulses  -  600  fs  long,  separated  by  '65  ns.  The  output  was 
split  into  two  excite  and  one  probe  beam,  the  latter  being  delayed  with 
respect  to  the  two  excite  pulses  via  a  stepper  motor  driven  delay  stage. 

The  first  order  diffracted  light  from  the  probe  beam  was  measured  using 
phase  sensitive  detection,  giving  efficiencies  and  lifetimes. 

The  forward  travelling  geometry  (Fig  la)  was  used  to  determine  the  size 
of  the  nonlinearity  and  the  ambipolar  diffusion  coefficient  for  carriers 
moving  in  the  plane  of  the  wells.  This  geometry  employs  two  excite  pulse, 
incident  at  i  either  side  of  the  normal  to  the  sample  surface,  which  are 
temporally  and  spatially  coincident  on  the  sample  (spot  size  '-o=  25  urn). 
They  interfere  to  produce,  within  a  gaussian  envelope,  a  sinusoidal 
intensity  pattern  of  period  A,  along  the  wells,  determined  by  ;.  The 
experiments  were  performed  at  the  peak  diffraction  efficiency,  which  was  to 
the  long  wavelength  side  of  the  830  nm  heavy  hole  exciton  feature,  con¬ 
sistent  with  a  refractive  grating.  The  refractive  index  change  per 
electron-hole  pair  per  unit  volume  was  determined  to  be  noh  0.4  x 
10-19  cm3  [21. 

For  small  diffraction  efficiencies,  the  decay  rate  of  the  diffracted 
signal,  r,  is  twice  the  relaxation  of  the  carrier  density  modulation,  ie 

8  i!2  D 

r  =  - - — 2  +  —  (1) 

A"  R 


where  Dm  is  the  ambipolar  diffusion  coefficient  and  ir  is  the  carrier 
recombination  time,  and  we  have  ignored  the  diffusion  rate  out  of  the 
excited  area.  By  measuring  the  grating  decay  rates  at  different  angles,  we 
deduced  an  in-well  ambipolar  diffusion  coefficient,  Dm»  of  1 6.2  cm2/s, 
similar  to  that  measured  for  bulk  GaAs  [21. 


The  counterpropagating  configuration.  Fig  1(b),  accessed  the  short 
period  grating  perpendicular  to  the  wells.  This  grating  was  generated  by 
interference  at  the  two  excite  pulses  entering  the  sample  from  opposite 
directions  at  equal  angles  to  the  wells.  The  time  delayed  probe  was 
counterpropagating  to  one  of  the  excite  beams.  The  grating  period, 

A  -  1  20  nm,  covered  approximately  4  wells.  The  front  excite  beam  was 
polarisation  modulated  for  phase  sensitive  detection  of  the  diffracted 
probe.  The  diffracted  probe  signal  as  a  function  of  time  for  several 
angles  of  rotation  about  a  horizontal  axis  is  shown  in  Fig  2.  u  is  the 
angle  of  rotation  of  the  sample  from  the  normal  ( where  the  grating  is 
perpendicular  to  the  wells).  From  geometrical  considerations,  Fig  1(c),  we 
would  expect  intra-well  diffusion  to  contribute  to  the  observed  decay  rate 
when  the  grating  is  angled  with  respect  to  the  wells.  For  a  horizontal 
axis  of  rotation,  the  separation  of  carrier  density  maxima  along  the  wells 
is  given  by  L  =  n.\/Sin8  (where  n  is  the  average  refractive  index),  up  to 
the  point  where  L  becomes  comparable  with  the  spot  size  ("  <  1°).  We 
assume  that  the  diffusion  of  the  carriers  parallel  and  perpendicular  to  the 
wells  to  be  independent,  and  modify  (1)  to 
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8  n  ' 
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where  ti  is  the  grating  decay  time  due  to  cross-well  diffusion.  The 
measured  decay  rates  are  plotted  in  Fig  3  as  a  function  of  Sin2u/n2.  At  or 
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Delay  (ns) 

Figure  2.  Diffracted  signal  decays  for  configuration  1(b),  for  different 
rotations,  0  ,of  the  sample  from  the  normal. 


Figure  3.  Signal  decay  rates 
as  a  function  of  angle.  Purely 
intra-well  diffusion  is  given 
by  the  solid  line. 


near  zero  angle  ( •!  <  1°),  there  is  little  or  no  carrier  density  modulation 
al ong  the  wel  1  ,  and  this  limiting  decay  rate  gives  the  cross-wel  1  diffusion 
time  (~  1  ns  from  Fig  3).  Diffusion  out  of  the  spot  area  and  carrier 
recombination,  both  take  place  on  timescales  >50  ns,  and  cannot  account 
for  this  limiting  value. 

For  barriers  of  21.2  nm  thickness,  tunnelling  should  be  negligible,  and 
this  timescale  arises  from  the  time  to  eject  sufficient  carriers  out  of  the 
well  via  thermionic  emission  to  balance  the  population  gradients.  We  plot 
(solid  line.  Fig  3)  the  anticipated  relaxation  rate  due  to  intrawell 
diffusion  using  the  measured  diffusion  coefficient.  There  is  an 
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enhancement  above  the  expected  rate  at  small  angles,  possibly  due  to  a 
differential  emission  rate  over  the  barriers  for  electrons  and  holes  (the 
holes  have  a  lower  barrier  to  overcome).  This  leads  to  some  degree  of 
charge  separation  which  is  then  rapidly  neturalised  by  electron  movement 
along  individual  wel  1 s,  causing  an  enhancement  of  the  al  ong-wel 1 
diffusivity.  At  larger  angles,  the  “wash-out*'  along  the  wells  occurs 
significantly  rapidly  that  thermionic  emission  is  too  slow  to  contribute  to 
any  enhancement,  and  the  points  approach  the  line  given  by  (2). 

In  conclusion,  we  have  shown  that  the  highly  anisotropic  nature  of 
carrier  diffusion  affects  the  time  constants  measured  using  a  phase 
conjugate  geometry,  and  that  the  grating  decay  rate  may  be  controlled  by 
sample  rotation.  The  timescale  at  very  small  angles  -  1  ns,  indicates  the 
time  taken  for  carriers  to  be  ejected  out  of  the  wells,  assuming  the 
movement  across  the  AlGaAs  and  subsequent  trapping  is  extremely  rapid. 

This  gives  the  time  needed  to  build  up  a  photocurrent  in  photoconducti ve 
devices,  and  as  such  gives  the  intrinsic  limit  to  their  speed  of  response. 
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Pulse  Propagation  in  GaAs  Quantum  Wells 
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There  are  many  interesting  phenomena  in  the  physics  of  pulse 

propagation  in  the  condensed  matter.  Especially,  associated  with  the 
excitons  in  semiconductors,  pulse  distortion  occurs  as  a  result  of  the 
exciton  polariton  effect  or  the  hole  burning  effect.  The  latter  is 
considered  to  be  important  in  excitons  in  semiconductor  quantum  wells[l). 
Nowadays,  the  form  of  laser  pulses  is  controllable  by  means  of  the  pulse 
handling  technique,  such  as  the  pulse  compression.  Therefore  the  technique 
has  a  possibility  to  explore  new  aspects  in  the  physics  of  pulse  propagation 
associated  with  the  excitons  in  semiconductors.  In  this  work,  we  have 

studied  the  pulse  propagation  in  GaAs  quantum  wells  by  comparing  the 
experimental  results  with  the  computational  simulation. 

The  excitation  laser  pulses  are  generated  by  a  dye  laser  synchronously 
pumped  by  a  mode-locked  Kr  ion  laser.  Temporal  and  spectral  widths  of  laser 

pulses  are  9.0  ps  and  2.9  meV  ,  respectively.  The  laser  beam  was  split 

in  two  parts.  One  beam  was  focused  on  the  200  periods  of  GaAs  (43  X  )-AlAs 
(62  X  )  multi-quantum-wells  in  a  cryostat.  The  transmitted  beam  and 
another  beam  were  mixed  in  an  RDP  crystal  to  generate  SHG  pulses.  Figure  1 
shows  two  SHG  correlation  traces,  bold  and  fine  lines,  corresponding  to  the 
cases  that  the  sample  is  present  or  absent,  respectively.  Here,  the 

excitation  photon  energy  hits  the  low  energy  tail  part  of  the  lowest  exciton 
(Is  heavy  exciton)  in  GaAs  quantum  wells.  The  fine  correlation  trace  is 
composed  of  a  coherent  spike  (correlation  width  =  520  fs  )  and  a 

symmetrically  broad  correlation  base  (correlation  width  =19  ps  ) .  On  the 
other  hand,  the  bold  correlation  trace  is  composed  of  asymmetric  correlation 
base  around  the  coherent  spike.  The  leading  edge  of  the  pulses  was  strongly 
absorbed,  while  the  trailing  edge  was  absorbed  little.  The  pulsg 

deformation  disappeared  when  the  excitation  density  is  reduced  to  10 
J/cm  •  pulse  at  2.1  K  .  The  pulse  deformation  is  reduced  when  the 
excitation  photon  energy  increases  under  the  common  excitation  density.  It 
completely  diappeared  when  the  excitation  laser  hits  the  transparent  energy 
region  below  exciton  resonance.  Above  mentioned  results  are  clearly 
understood  in  terms  of  hole-burning  of  exciton  states  in  GaAs  quantum  wells, 
as  described  below. 

Firstly,  we  confirmed  that  the  shift  of  the  coherent  spike  does  not 
depend  on  both  the  excitation  photon  energy  and  excitation  density  and  is  30 
fs  .  The  fact  indicates  that  there  is  not  any  detectable  anomalous 
dispersion  effect  due  to  excitons.  The  shift  of  the  coherent  spike  probably 
comes  from  the  linear  refractive  index  of  the  sample  1.05  pm  thick. 
Therefore,  we  could  accurately  decide  the  peak  delay  of  the  base  correlation 
trace  by  regarding  the  coherent  spike  as  the  zero  time  standard.  The  peak 
delay  varies  with  the  change  of  the  excitation  density  and  the  excitation 
photon  energy.  In  Fig.  2,  the  peak  delay  is  plotted  as  a  function  of  the 
excitation  density.  With  the  increase  of  the  excitation  density,  the  peak 
delay  increases  once,  afterward  it  decreases.  With  the  increase  of  the 
excitation  photon  energy,  the  maximum  peak  delay  shifts  to  the  higher 
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Fig.l  SHG  correlation  traces. 
Bold  and  fine  lines  correspond 
to  cases  that  the  sample  is 
present  or  absent,  respectively. 
In  the  inset,  absorption 
spectrum  of  the  sample  and 
excitation  laser  spectrum  are 
shown. 
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Fig. 2  Peak  delay  of  the  base 
correlation  traces  relative  to 
the  coherent  spike  as  a  function 
of  the  excitation  density. 
Experimental  results  are  shown 
by  symbols  together  with  the 
calculated  result  (line)  for 
1.6766  eV  . 


excitation  density.  Selden  has  presented  an  equation  which  describes  the 
delay  of  pulses  propagating  through  saturable  absorbers(2] .  On  the  basis  of 
the  equation,  we  simulated  the  temporal  change  of  transmittance  T(t)  with  a 
parameter,  relaxation  time  t  defined  as  the  decay  time  for  the  excited 
state  of  the  absorber.  Then,  sthe  correlation  traces,  /_^f ( t+t )T( t ) f ( t)dt , 
are  calculated  with  the  Lorentzian-type  pulse,  f(t).  Thus,  the  peak  shift 
of  the  correlation  traces  is  calculated.  The  calculated  peak  shift  for 
1.6766  eV  is  described  as  a  function  of  the  excitation  density  in  Fig. 2, 
together  with  the  experimental  peak  shift  of  the  correlation  trace  (base) 
relative  to  the  coherent  spike.  The  calculation  qualitatively  describes  the 
experimental  feature.  In  particular,  the  calculation  describes  that  the 
peak  delay  attains  its  maximum  at  the  certain  excitation  density  and  is 
reduced  at  both  sides.  Thus  the  relaxation  time  T  :  90  ps  is  now 
obtained.  With  the  increase  of  the  excitation  photon  energy,  the  relaxation 
time  t  was  found  to  decrease.  It  is  known  that  the  relaxation  time  of  the 
excitons  in  GaAs  quantum  wells  decreases  with  the  i ncrease  of  the  exciton 
energy[3J.  Therefore  the  result  is  reasonable.  Hegarty  explained  his 
experimental  data  on  the  basis  of  his  approximation.  Hegarty 's 
approximation  can  not  explain  that  the  peak  delay  attains  its  maximum  at  the 
certain  excitation  density.  In  his  approximation,  the  higher  the  excitation 
density  is,  the  larger  the  peak  shift  is.  Therefore  Hegarty 's 
approximation  is  not  good.  The  agreement  between  the  experimental  delay  and 
the  calculated  one  based  on  Selden’ s  model  is  not  good  enough.  To 
improve  the  agreement,  the  extension  of  Selden 's  model  to  the 
inhomogeneously  broadened  excited  states  may  be  necessary. 

The  coherent  spike  shows  small  change  with  the  change  of  the  excitation 
photon  energy.  In  the  transparent  energy  region,  the  peak  amplitude  ratio 
of  the  coherent  spike  to  the  base  correlation  trace  does  not  depend  on 


316 


PHOTON  ENERGY  (eV) 


2.  0^ 

00 

:z 

w 

1.  0  z 

I — l 

o 

E 

OO 


0.  0 


-2  0  2-2  0  2 

TIME  DELAY  (ps) 


Fig. 3  The  peak  amplitude  ratio  of  the  coherent  spike  to  the  base 
correlation  trace  as  a  function  of  the  excitation  photon  energy.  In  the 
right  part,  the  typical  coherent  spikes  corresponding  to  cases  that  the 
sample  is  present  or  absent  are  shown. 


whether  the  sample  is  absent  or  present.  It  is  almost  unity,  which  is  a 
characteristic  feature  of  the  Gaussian  random  field.  In  Fig. 3,  the  ratio  is 
plotted  as  a  function  of  photon  energy.  It  is  reduced  as  the  incident 
photon  energy  hits  the  exciton  energy.  It  was  found  to  be  independent  of 
the  excitation  intensity.  The  phenomena  are  explained  as  the  coherent 
propagation  effect  of  the  incoherent  pulses  observed  in  Na  vapor [4].  The 
effect  was  observed  in  a  semiconductor  for  the  first  time.  It  is  considered 
that  energy  dependence  of  the  linear  absorption  or  refractive  index  works  to 
change  the  ratio.  To  identify  which  essentially  works  to  change  the  ratio, 
energy  dependence  of  absorption  or  refractive  index,  some  calculations  are 
necessary . 

In  summary,  we  observed  the  hole  burning  effect  due  to  excltons  in  the 
pulse  propagation  in  GaAs  quantum  wells.  The  observed  pulse  distortion  is 
qualitatively  explained  by  Selden’s  model .  However,  it  is  suggested 
that  the  extension  of  Selden’s  model  is  necessary.  In  addition, 
coherent  propagation  effect  of  the  incoherent  pulses  was  observed  in  GaAs 
quantum  wells. 
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1.  Introdu ction 

Electromagnetic  waves  in  semiconductor  crystals  are  coupled  to 
excicons  and  aie  transformed  into  excitonic  polaritons  in  the 
spectral  region  around  excitonic  resonance  [1,  2],  The  optical 

properties  of  excitonic  polaritons  characteristically  depend 
on  the  wavevector.  Time-of-flight  measurements  with  short 
light  pulses  have  revealed  a  remarkable  decrease  in  light 
group  velocity  in  bulk  CuCl  and  GaAs  crystals  at  low 
temperatures,  which  is  induced  by  excitonic  polaritons  [3-5]. 

Two-dimensional  light  propagation  caused  by  surface 
excitonic  polaritons  in  ZnO  crystal  has  been  observed  [6,  7]. 
In  semiconductor  quantum  wells,  however,  no  experimental 
evidence  for  excitonic  polaritons  has  been  obtained.  As  far  as 
we  know,  this  is  because  all  low-temperature  optical 
measurements  of  quantum  wells  have  been  performed  with 
incident  light  propagating  perpendicular  to  the  quantum-well 
layers.  Quantum-well  excitonic  polaritons  (QWEPs)  will  form  in 
light  propagation  parallel  to  the  layers  [8],  since 
translational  motion  of  the  quantum-well  excitons  is  allowed 
along  the  layers. 

2.  Experimental  Procedure 

We  used  a  picosecond  time-of-flight  method  to  measure  the 
propagation  delay  time  of  the  light  transmitted  along  the 
quantum-well  layer.  For  optical  measurements  in  the  direction 
parallel  to  the  quantum  well,  a  waveguide-type  sample 
containing  a  GaAs  single  quantum  well  was  grown  by  molecular- 
beam  epitaxy  on  a  semi-insulating  GaAs  substrate.  The  sample 
formed  a  so-called  leaky  waveguide,  in  which  the  refractive 
index  of  the  core  was  smaller  than  that  of  the  cladding  [9].  A 
50-A  GaAs  quantum  well  was  sandwiched  between  1. 8-^m 
Alo  ) Ga, .  7  As  barrier  layers.  These  layers  constituted  the  core 
of  the  waveguide  sample.  The  cladding  was  made  of  GaAs.  The 
sample  was  mounted  on  Si  substrate  and  set  in  an  optical 
cryostat  (Air  Products  LT-3-110).  The  delay  time  was  measured 
as  a  function  of  the  incident  laser. 

3.  Experimental  Data  and  Discussion 

To  gain  information  on  excitonic-resonance  energy  of  the 
quantum-well  waveguide  at  low  temperatures,  the  optical- 
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Fig.  1  Optical-absorption 
spectrum  of  the  quantum-well 
waveguide  at  6.0  K.  The  y- 
axis  is  absorption  intensi¬ 
ty;  the  x-axis  corresponds 
to  incident  photon  energy  or 
wavelength.  Dots  denote 
experimental  data.  The  solid 
line  is  drawn  as  a  guide. 


PHOTON  ENERGY  (eV) 

absorption  spectrum  was  taken.  This  spectrum  is  shown  in  Fig. 
1.  Several  lines  are  observed  in  the  spectrum.  The  three  lines 
at  the  lower  photon  energies,  1.602  eV,  1.625  eV  and  1.642  eV 
are  considered  to  be  associated  with  two-dimensional  excitons 
in  the  quantum  well.  This  is  because  these  lines  are  also 
observed  in  a  GaAs  quantum-well  waveguide  containing  no 
superlattice  layers.  The  rest  of  the  absorption  lines  at  the 
photon  energies  higher  than  1. 65  eV  are  probably  caused  by 
excitons  in  the  superlattice  layers. 

Identification  of  the  three  absorption  linec  has  been 
performed  by  polarization-sensitive  measurements  [9]  using 
transverse-electric  (TE)  and  transverse-magnetic  (TM)  light 
polarization.  The  absorption  lines  at  1.602  eV  and  1.642  e\ 
are  identified  as  heavy-hole  (hh)  and  light-hole  (lh)  exciton 
lines,  respectively.  The  broad  line  lying  at  1.625  eV  between 
each  line  is  probably  composed  of  hh-  and  lh-exciton 
absorption  lines.  It  is  suggested  that  both  hh  and  lh  excitons 
have  doublet-line  structures  in  the  optical-absorption 
spectrum  and  that  the  higher-energy  part  of  the  hh-exciton 
doublet  unexpectedly  overlaps  with  the  lower-energy  part,  of 
the  ih-exciton  doublet. 

Two  tentative  explanations  for  the  occurrence  of  the  doublet 
structures  are  proposed.  One  is  that  the  doublets  are  caused 
by  fluctuation  of  the  width  of  the  quantum  well.  In  this 
interpretation,  the  quantum-well  width  will  fluctuate  with 
binary  values.  The  other  tentative  explanation  is  that,  the 
doublets  are  produced  by  the  longitudinal-transverse  (I.T) 
splitting  between  the  lower-  and  upper-polari ton  branches  [2]. 
Since  the  energy  spacing  between  each  component  of  the 
doublets  is  nearly  20  meV,  we  may  expect,  a  giant.  I.T  splitting 
of  QWEPs.  Theoretical  work  has  predicted  that  the  ET  splitting 
is  remarkably  large  for  QWEPs  on  account  of  the  enhancement  of 
the  oscillator  strength  of  quantum-well  excitons  [8], 

In  Fig.  2,  the  propagation  delay  of  the  light  pulse 
obtained  by  the  time-of-f light  measurements  is  plotted  against 
the  incident  photon  energy.  The  delay  time  increases 
drastically  at  almost  the  same  photon  energies  as  those  of  the 
exci  tonic-absorption  lines  in  Fig.  1.  This  shows  that  the 
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Fig.  2  Propagation  delay 
time  of  the  probe  pulse 
transmitted  through  the 
waveguide  as  a  function  of 
photon  energy  or  wavelength. 
Dots  are  experimental  data 
taken  at  6. 0  K.  The  solid 
line  is  a  guide. 


group  velocity  of  the  light  pulse  decreases  at  around  the 

photon  energy  resonant  to  the  exciton  lines.  In  Fig.  2,  the 
delay  time  is  about  12  ps  at  the  photon  energy  of  the  hh- 
exciton  line,  1. 625  eV.  The  filling  factor  of  the  quantum  well 
in  the  waveguide  is  only  0. 1%.  Simply  multiplying  the  actual 

length  of  the  waveguide,  650  /zm,  by  the  filling  factor,  we 

obtain  the  effective  length  of  the  waveguide,  which 
contributes  to  the  decrease  in  group  velocity,  as  0.  9  //m.  Thus 
the  group  velocity  is  given  as  7  x  10<  m/s  at  6.0  K.  This 
value  is  less  than  1/1000  of  the  light  velocity.  Almost  the 

same  value  was  reported  for  bulk  GaAs  crystal  at  1.  3  K  [4]. 
Such  a  considerable  decrease  in  group  velocity,  as  well  as  the 
coincidence  between  the  photon  energies  of  the  absorption  and 
the  delay-time  lines,  indicates  that  the  QWEPs  exist  in  the 
quantum  well. 


In  conclusion,  we  have  presented  the  first  experimental 
evidence  for  quantum-well  excitonic  polaritons. 
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Carrier  relaxation  is  more  complex  in  2D-heterostructures  than  in  3D-semicon- 
ductor  material.  The  carrier  confinement  generates  two  dimensional  subbands 
and  two  different  relaxation  mechanisms  have  to  be  considered  in  the  investi¬ 
gation  of  carrier  cooling:  intrasubband  and  intersubband  transitions.  There 
exists  a  substantial  amount  of  data  on  carrier  cooling  in  bulk  semiconductors 
and  on  intrasubband  relaxation  in  GaAs/AlxGai  -  x  As  quantum  well  structures. 

Time  constants  in  the  order  of  several  10" 12  s  to  10- 13  s  have  been  measured 
via  transient  absorption  changes  or  time  resolved  photoluminescence.  In 
contrast,  our  knowledge  of  intersubband  relaxation  is  very  poor.  This  is  due 
to  the  fact  that  the  above  mentioned  techniques  do  not  give  direct  information 
on  intersubband  processes. 

In  this  paper,  intersubband  transitions  at  300K  are  studied  by  an  ultrafast 
infrared  bleaching  technique  /l/  which  we  used  for  the  first  time.  An  intense 
tunable  picosecond  pulse  bleaches  the  intersubband  absorption  in  the  infrared. 
A  second  light  pulse  of  the  same  frequency  measures  the  recovery  of  the 
absorption  as  a  function  of  time.  The  infrared  light  pulses  are  generated  with 
a  mode-locked  Nd: glass  laser  system.  Difference  frequency  generation  between 
the  fundamental  of  the  laser  and  the  emission  of  a  traveling-wave  infrared  dye 
laser  supplies  picosecond  pulses  tunable  between  5  um  and  12  um.  The  pulse 
duration  amounts  to  2  ps. 

The  quantum  well  samples  investigated  here  are  grown  by  molecular  beam 
epitaxy  on  (100)  semi-insulating  GaAs  substrates  of  350  um  thickness.  They 
consist  of  fifty  thin  undoped  GaAs  layers  with  thicknesses  between  41%  and 
13%,  which  are  embedded  in  400X  thick  AlxGai-xAs  layers  with  an  Al  concen¬ 
tration  between  x  =  0.3  and  x  =  0.35.  The  central  100  X  of  the  barriers  are 
doped  with  Si,  which  leads  to  a  two-dimensional  carrier  concentration  of  about 
4  to  5*10* 1  cm-3  per  GaAs  quantum  well.  The  total  multi-quantum  well 
structures  are  cladded  in  between  of  0.2  um  thick  AlxGai-xAs  layers  to  avoid 
surface  depletion  and  substrate  effects. 

It  is  well-known  that  intersubband  transitions  in  the  infrared  exhibit 
strong  absorption  cross-sections  for  light  polarized  normal  to  the  layers. 
Therefore,  we  have  to  prepare  our  samples  in  a  special  prism  geometry  (see 
inset  in  Fig.l)  in  which  a  large  component  of  the  electric  field  vector  is 
normal  to  the  layers.  In  these  samples  the  expected  strong  infrared  absorption 
is  clearly  observed  (Fig.l). 
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Fig.  1  Infrared  absorption  of  a  multi-quantum  well  sample.  The  strong 

absorption  band  is  due  to  the  intersubband  transition.  Inset:  sample 
geometry. 


Fig.  2  Bleaching  of  the  probe  pulse 
as  a  function  of  the  delay 
time.  To  is  the  transmission 
without  excitation. 


o 

Fig. 2  shows  time-resolved  data  measured  on  a  73A  sample.  The  frequency  of 
our  infrared  pulse3  is  tuned  to  the  center  of  the  absorption  line  at  3=920cnf  1 
The  pump  pulse  transfers  a  considerable  amount  of  electrons  to  the  upper 
subband.  The  absorption  saturates  and  the  transmission  rises.  The  transmission 
signal  in  Fig. 2  is  a  direct  measure  of  the  number  of  excited  electrons.  From 
the  experimental  data  we  deduce  a  time  constant  of  6  ps  for  the  absorption 
recovery.  The  broken  curve  represents  the  autocorrelation  of  the  infrared 
pulses.  Experimental  results  for  other  well  thicknesses  are  summarized  in 
Table  1.  In  thinner  quantum  wells  longer  time  constants  are  observed. 
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Table  1  Sample  parameters,  subband  splitting,  relaxation  time 


well  thickness 

d  [Xj 

Al  concentration 

X 

subband  separation 

aE  f cm- 1 ] 

absorption  recovery 
T  f  PS  i 

47:3 

0.3  5 

1300 

14:2 

52:2 

0.35 

1225 

11:2 

59:2 

0.33 

1140 

8:2 

59:1 

0.29 

1015 

8:2 

73:1 

0.31 

920 

6:2 

The  mechanism  of  the  intersubband  relaxation  is  of  special  interest.  In  our 
experiment  the  excited  carriers  first  have  to  be  transferred  with  finite  k,  to 
the  ground  subband.  Subsequently,  the  carriers  are  cooled  via  intrasubband 
relaxation.  At  room  temperature  polar  LO-phonon  scattering  is  believed  to  be 
the  most  efficient  relaxation  mechanism  in  both  steps. 

There  is  strong  indication  that  the  observed  time  constants  represent  the 
intersubband  relaxation  time:  (i)  The  theoretical  treatment  of  polar  LO-phonon 
interaction  shows  that  intrasubband  scattering  at  300K  is  faster  than  inter¬ 
subband  scattering,  (ii)  Hot  carriers  in  the  lower  subband  exhibit  approxi¬ 
mately  the  same  intersubband  absorption  cross-sections  as  carriers  at  300K. 
Excited  carriers  contribute  again  to  the  absorption  immediately  after  their 
transfer  from  the  upper  state  to  the  ground  subband.  Intrasubband  relaxation 
should  not  be  observable  by  the  bleaching  technique,  (iii)  The  experimental 
data  in  Table  1  are  In  favorable  agreement  with  a  relation  t  «  dcaxs'2.  An  in¬ 
crease  of  the  intersubband  relaxation  time  t  with  decreasing  d saas  is  also  ex¬ 
pected  from  theoretical  considerations,  directly  reflecting  the  characteristic 
weakening  of  the  polar  interaction  with  increasing  wave  vector  change  /2/. 

The  observed  intersubband  time  constants  are  surprisingly  long.  Theoretical 
calculations  for  infinitely  deep  wells  give  values  of  the  order  of  approxi¬ 
mately  2  ps.  However,  longer  time  constants  may  be  expected  from  more  detailed 
theories,  which  take  into  account  finite  barrier  heights  arid  the  phonon  modes 
of  quasi-2D  systems  /3/.  In  addition^  the  time  constants  may  be  reduced  by  the 
fact  that  in  our  samples  with  d  50A  the  upper  subband  is  close  to  the  band 
minimum  in  the  barrier  generated  by  the  doped  layer.  Interactions  with  barrier 
states  result  in  a  penetration  of  the  wave  function  into  the  barrier.  The 
overlap  integral  between  the  wide-spread  wave  function  of  the  upper  subband 
with  the  strongly  confined  wave  function  of  the  lower  subband  is  reduced  and 
longer  time  constants  are  expected. 
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Time-resolved  photoluminescence  (PL)  measurements  bring  us  important 
information  about  the  dynamics  of  elementary  excitations  in  many  materials. 
From  the  view  point  of  electronic  and  opto-electronic  semiconductor  device 
research,  measurement  in  the  region  of  subnanoseconds  to  several  tens  of 
nanoseconds  is  especially  important  for  learning  the  nonradiative  carrier 
recombination  lifetime,  which  is  a  good  indicator  of  the  quality  of  semiconductors1' 
3).  In  such  measurements,  mode-locked  gas,  solid  state,  and  dye  lasers  are 
generally  used  to  generate  excitation  picosecond  light  pulses.  To  date,  these  lasers 
have  been  indispensable  for  generating  visible  picosecond  light  pulses  which  can 
efficiently  excite  the  carriers  in  GaAs,  or  AlGaAs,  although  the  operation  of  these 
lasers  is  not  so  easy. 

We  have  recently  demonstrated  that  the  time-resolved  PL  of  GaAs/AlGaAs 
quantum  wells  (QWs)  are  successfully  measured  by  using  660nm  picosecond  light 
pulses  (lOOmW  peak  power)  generated  from  an  AlGalnP  visible  diode  laser41.  In 
this  paper,  we  report  the  results  of  time-resolved  PL  study  on  the  nonradiative 
carrier  recombination  velocity  in  QWs  and  double-heterostructures  (DHs)  with 
1W  peak  picosecond  light  pulses  from  a  visible  diode  laser. 

The  AlGalnP  diode  laser  used  is  a  70pm  wide  stripe  double-heterostructure 
gain-guiding  one  grown  by  two  step  metalorganic  vapor  phase  epitaxy61.  As  is 
known,  short  pulse  current  driven  diode  lasers  can  produce  light  pulses  of  ten  to 
hundred  picosecond  time  duration  without  any  modelocking  technique61.  In  the 
present  experiment,  the  diode  laser  was  driven  with  one  to  several  nanosecond 
pulse  current  at  100kHz  repetition  rate.  The  samples  measured  were  undoped 
single  quantum  wells  (SQWs),  multiple  quantum  wells  (MQWs),  and  DHs 
grown  by  molecular  beam  epitaxy.  An  ultrafast  streak  camera  (Hamamatsu 
Photonics,  OOS-3085)  and  an  ultrafast  photon-counting  system  (Horiba,  NAES 
550)  were  used  for  time-resolved  measurements  of  laser  pulses  and  PLs. 

Figure  1  shows  the  streak  camera  traces  of  red  light  pulses  from  the  AlGalnP 
diode  laser.  Compensating  the  trigger  jitter  (50ps)  and  the  streak  camera 
resolution  (lOps),  actual  FWHM  of  light  pulses  were  respectively  obtained  to  be 
85ps  and  93ps  for  Fig.  1(a)  and  (b).  The  light  pulse  energy  was  respectively 
measured  as  31pJ  and  150pJ  for  Fig.  1(a)  and  (b),  and  the  peak  light  pulse  power 
was  estimated  to  be  360mW  and  1.1W  for  each  case.  This  rather  high  peak  power 
was  achieved  because  of  the  wide  stripe  diode  laser  structure.  Lasing  spectrum 
under  a  pulsed  excitation  had  about  3nm  half  width  centered  at  657nm  indicating 
multimode  operation  and  spectral  chirping.  In  the  PL  measurement,  the  laser 
beam  illuminates  the  sample  surface  of0.9X 0.3mm2  area. 
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Fig.  1  Streak  camera  traces  of  light  pulses  generated  from  an  AlGalnP  visible 
diode  laser  driven  by  short  pulse  current.  Electric  pulser  output;  (a):  1.8ns 
duration,  25V,  (b):  2.4ns  duration,  25V. 


Figures  2  and  3  show  the  PL  decay  traces  for  QWs  and  DHs  measured 
with  the  ultrafast  photon  counting  system.  In  this  measurement,  central  lOnm 
width  spectral  area  were  extracted  from  whole  spectral  envelopes.  These  figures 
prove  that  high  S/N  timeresolved  PL  measurement  is  performed  with  visible  diode 
laser  picosecond  pulses.  Although  a  few  picojoule  light  pulse  energy  was  enough 
for  PL  decay  detection4’,  the  light  pulse  energy  over  lOOpJ  markedly  shortened  the 
measurement  time  to  practical  use  (a  few  minutes  per  sample).  Therefore,  a 
simple,  reliable,  and  practical  PL  decay  measurement  of  GaAs  semiconductors 
including  QWs  has  been  realized  by  utilizing  a  wide  stripe  AlGalnP  diode  laser,  in 
place  of  modelocked  lasers. 


325 


Fig.  2  PL  decay  traces  for  GaAsAA.l0.4Ga0.GAs  DHs  with  different  GaAs 
thickness.  AlGaAs  thickness  is  300nm.  Laser  pulse  energy  density: 
~40nJ/cm2,  sampling  frequency:  —8kHz,  sampling  time:  240s. 


Fig.  3  PL  decay  traces  for  an  SQW  and  an  MQW  (60  wells).  The  SQW  has 
GaAs/AlAs  SL  barriers  in  place  of  AlGaAs  alloy  barriers.  The  well  width 
is  about  lOnm  for  both  samples.  Measurement  conditions  are  the  same  as 
those  for  Fig.  2. 


Figure  2  shows  the  PL  decay  traces  for  a  series  of  GaAsAAl0.4Ga0.GAs  DHs 
with  different  GaAs  thicknesses.  In  our  measurement  condition,  the  carrier 
recombination  is  dominated  by  the  monomolecular  nonradiative  process  in  the 
exponential  PL  decay  region,  then  we  define  overall  nonradiative  carrier 
recombination  lifetime  xnr  by  xllr  =  2x,  where  x  represents  the  PL  decay  time 
constant.  It  is  apparent  that  the  decrease  in  GaAs  thickness  resulted  in  the  i,-,,- 
reduction.  This  result  indicates  that  the  xnr  of  an  GaAs/AlGaAs  SQW  is 
dominated  by  the  well/barrier  interface  recombination.  Using  a  simple  expression 
for  the  relation  between  xnr  and  interface  recombination11,  the  interface 
recombination  velocity  and  the  intrinsic  nonradiative  lifetime  of  GaAs  layers  arc 
respectively  estimated  to  be  ~300  ems'1,  and  ~70ns. 

On  the  other  hand,  the  PL  decay  traces,  shown  in  Fig.  3,  for  an  MQW  (lOnm 
GaAs/lOnm  Alo.3Gao.7AsX  GOpcriods)  and  an  SQW  with  short-period 
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superlattice  (SPSL)  barrier  layers  (lQnm  GaAs,  lnm  AlAs/2nmGaAsX33periods 
for  each  barrier)  have  decay  times  which  are  much  longer  than  that  for  the  SQW 
with  AiGaAs  alloy  barriers.  This  clearly  shows  that  the  interface  recombination 
velocity  of  QWs,  from  which  we  observed  the  PL,  were  markedly  reduced.  This 
result  may  be  because  of  residual  impurity  trapping  by  many  heterointerfaces 
involved  in  SPSLs  or  an  MQW  structure. 
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It  has  been  recently  shown[l,2,3]  that  the  interaction  of  semiconduc¬ 
tors  with  light  is  not  only  restricted  to  the  creation  of  real  excitations 
(electrons,  holes,  excitons...)  but  that  photons  with  energies  smaller 
than  any  absorption  edge  (therefore  not  absorbed  in  the  semiconductor) 
perturb  the  medium's  optical  properties  during  a  time  limited  by  the  light 
pulse  duration.  This  so-called  optical  Stark  effect  shows  up  as  a 
modification  of  the  optical  absorption  spectrum,  mainly  a  shift  towards 
higher  energy  of  the  different  absorption  lines  or  bands.  The  magnitude  of 
this  shift  is  proportional  to  the  light  intensity  and,  for  a  given 
transition,  inversely  proportional  to  the  detuning  between  the  photon 
energy  and  the  absorption  line.  Such  an  effect  had  already  been  reported 
in  atomic  vapors  but  in  order  to  be  noticeable  in  semiconductors,  it 
requires  strong  light  intensities,  which  can  only  be  provided  through  the 
use  of  ultrashort  and  intense  pulses. 

Beyond  its  fundamental  interest[4 , 5]  and  the  potential  applica¬ 
tions^,?  .8] ,  the  optical  Stark  effect  presents  a  very  interesting 
property.  Since  the  coupling  between  the  light  and  an  energy  level  is 
proportional  to  the  square  of  the  optical  matrix  element,  the  amplitude  of 
the  shift  will  differ  for  the  various  absorption  lines  involved.  This 
situation  turns  out  to  be  particularly  fruitful  in  the  case  of  degenerate 
transitions  since  it  allows  the  separation  of  the  different  contributions. 
To  split  a  degeneracy,  one  usually  uses  magnetic  or  electric  fields, 
uniaxial  stress,  here  this  is  the  first  case  in  semiconductors  where  light 
is  used  to  provide  such  an  effect. 

M.  and  R.  Combescot[5]  have  recently  shown  that  the  exciton  shifts  can 
be  calculated  without  the  Coulomb  interaction  when  the  detuning  is  large 
compared  with  the  exciton  binding  energy.  In  these  conditions  the  detuning 
is  almost  the  same  for  all  transitions  (towards  bound  and  unbound 
electron-hole  states)  and  one  expects  rigid  shifts  of  the  valence  and 
conduction  bands.  This  remark  is  quite  useful  as  it  avoids  many-body 
treatments  and  allows  one  to  consider  simply  transitions  from  one  free 
valence  state  to  one  free  conduction  state.  The  situation  is  then  similar 
to  the  two-level  system  of  atomic  physics,  except  that  we  now  have  • 
multi-level  atom.  The  conduction  band  being  spin  degenerate  and  the 
valence  band  resulting  from  a  p-like  spin  orbit  coupling  in  III-V 
compounds,  one  expects  to  find[9]  at  large  detuning  the  shifts  of  a 
(2  +  2x3)  i.e.  8-level  dressed  atom. 

In  the  case  of  GaAs  MOWS  both  the  heavy  and  light  hole  excitons  are 
fourfold  degenerate.  The  laser  beam  splits  each  exciton  into  four 
different  levels.  However,  when  the  beams  propagate  along  the  growth  axis, 
only  two  excitons  instead  of  four  can  be  created  by  probe  photons,  since 
only  a  transitions  are  allowed.  These  two  excitons  are  shifted  by 
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for  the  heavy-hole  transitions  and 
AE  L,  =  26l,  +  6h„ 

for  the  light-hole  transitions.  In  these  equations  we  have  used 
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Oh  and  are  respectively  the  detuning  of  the  pump  beam  to  the  heavy  and 
light  hole  resonances  and  A.  is  related  to  a±  field  amplitudes.  These 
equations  take  into  account  the  fact  that  both  heavy-  and  light-hole 
transitions  use  the  same  final  state,  namely  the  conduction  band.  In  the 
particular  case  of  linearly  polarized  light,  the  two  shifted  exciton 
transition  energies  reduce  to  only  one  as  A?- A'. 

The  experiments  have  been  performed  in  GaAs-GaAlAs  MQWS.  Short  tunable 
pulses[10]  have  been  used  to  get  sufficiently  high  intensity.  The  pump 
beam  is  ar.  amplified  par*  of  the  wavelength  continuum  generated  in  water 
by  60  fs  pulses,  leading  to  intensities  as  high  as  >0CW/cm‘.  Pump  and 
probe  are  both  propagating  along  the  growth  axis.  The  pump  is  polarized 
either  linearly  or  circularly  while  the  probe  polarization  is  analyzed 
after  the  sample.  The  intensity  of  the  pump  is  kept  as  low  as  possible  to 
stay  in  the  small  signal (perturbative)  regime. 

Figure  1  exhibits  the  experimental  results  obtained  in  MOW"?  for 
circular  polarizations.  Because  of  the  small  value  of  the  shift  at 
relatively  low  pump  intensity,  it  is  more  instructive  to  show  the 
differential  transmittance  spectra.  In  this  very  sensitive  method  the 
magnitude  of  the  signal  is  proportional  to  the  line  shift  and  a  form 
factor  deduced  from  the  unperturbed  lineshape.  In  Figure  2  we  present  the 


Wavelength  [nm] 


Fig.  1:  Differential  absorption 
spectra  recorded  at  the  maximum  of 
the  a  *  pump  pulse  using  a  <r  * 
(solid  line)  or  a  a  -  (dashed  line) 
probe  pulse 


Wavelength  [nm] 


Fig.  2:  Theoretical  spectra  for  a 
a*  (solid  line)  or  a*  (dashed 
line)  probe  polarization.  These 
"theoretical"  curves  are  noisy 
since  they  are  deduced  from  the 
derivative  of  the  experimental 
absorption  spectrum. 
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corresponding  theoretical  curves.  These  curves  are  obtained  by  multiplying 
the  derivative  of  the  experimental  curves  by  the  calculated  shifts.  As  can 
be  seen  the  agreement  is  good.  The  only  difference  comes  from  the 
associated  reduction  of  absorption  during  the  optical  Stark  shift  in  the 
experimental  curve  and  also  from  the  band-mixing  which  was  not  accounted 
for  in  the  theory. 

As  we  stated  above,  the  two  exciton  shifts  are  identical  in  the  case  of 
linear  pump  polarization.  Consequently  there  can  be  only  one  measured 
shift,  whatever  the  probe  polarization  is.  This  fact  has  been  previously 
observed[l].  The  question  of  the  non-dependence  in  MQWS  of  the  relative 
polarizations  of  the  probe  and  pump  beams  (linear  in  plane  polarizations) 
has  been  raised  recently  by  Frohlich  et  al  [11].  They  argue  that  one 
should  observe  an  effect  only  if  the  probed  component  of  the  exciton  is 
the  same  as  the  one  which  has  been  perturbed  by  the  pump  (parallel 
polarizations).  They  suggest  that  the  existence  of  a  very  fast  relaxation 
process  between  the  orthogonal  exciton  components  can  explain  this 
non-dependence  of  the  relative  polarizations.  We  have  shown  that  within 
the  framework  of  our  theory  the  experimental  result  can  be  explained 
without  any  relaxation  between  the  virtually  excited  states. 

Part  of  this  work  is  supported  by  Direction  des  Recherches  et  Etudes 
Techniques  (grant  86/089) ■  Croupe  de  physique  des  Solides  is  Laboratoire 
Associe  CNRS  LA17. 
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When  intense  excitation  is  applied  to  a  semiconductor  at  energies  below 
the  band  gap,  AC  Stark  shifts  of  the  band  edge  states  are  obtained.  This 
effect,  which  is  well-known  for  the  case  of  atomic  systems,  has  been  recently 
observed  in  semiconductors  [1,2].  At  large  detunings  which  are  required  for 
ultrashort  (less  than  100  fs)  excitation,  two-photon  carrier  generation 
becomes  more  important  relative  to  the  AC  Stark  shift,  because  the  AC  Stark 
shift  decreases  inversely  in  proportion  to  the  detuning.  We  study  the  effects 
of  two-photon  carrier  generation  under  the  conditions  of  intense  virtual 
excitation  and  we  find  that  two-photon  absorption  is  strong  and  unavoidable 
and  is  a  natural  consequence  of  excitation  below  the  band  edge  with 
ultrashort  optical  pulses.  We  also  find  that  at  very  low  pump  and  probe 
intensities  the  exciton  shifts  with  no  loss  of  exciton  oscillator  strength,  a 
result  which  is  different  than  the  high-intensity  regime. 

We  use  a  newly  developed  laser  system  which  generates  100  fs  optical 
pulses  of  microjoule  energies  at  8  kHz  repetition  rate  with  center  at  805  nm 
[3].  The  quantum  wells  are  7.5  nm  thick,  yielding  an  exciton  absorption  line 
at  780  nm.  Since  the  continuum  center  is  805  nm,  we  now  have  available 
extremely  intense  tup  to  .000  GW/c»2)  continuously  tunable  excitation  pulses 
below  the  band  gap  of  GaAs  quantum  wells.  Kilohertz  repetition  rates  allow  us 
to  use  differential  detection  techniques  for  small  signal  analysis. 

In  Figure  1  we  show  the  absorption  spectrum  of  the  sample  at  35K  measured 
with  100  fs  continuum  pulses  of  intensity  10  kW/cm2.  The  derivative  of  the 
absorption  spectrum  with  respect  to  frequency  is  compared  with  the  measured 
differential  spectrum  at  zero  time  delay.  In  the  limit  of  a  pure  shift,  the 
measured  differential  spectrum  should  have  the  same  lineshape  as  the 
derivative  of  the  linear  absorption.  We  find  that  this  is  indeed  the  case  for 
the  small  signal  regime  where  the  transmission  change  is  only  a  few  percent, 
obtained  at  about  30  MW/cm2.  Recent  numerical  calculations  [5,6]  based  on  the 
theory  of  Ref.  [4]  show  that  the  low-density  regime  in  semiconductors  is 
qualitatively  different  from  the  atomic  system:  there  is  essentially  no  loss 
of  oscillator  strength  with  shift.  Theoretically,  this  can  only  be  explained 
if  the  shift  of  the  band  edge  states  is  larger  than  the  exciton  shift  and 
compensates  the  exciton  oscillator  strength  loss  due  to  phase  space  filling 
[6].  Experiments  with  weak  pump  but  at  higher  probe  intensities  indicate  a 
departure  from  this  pure  shift  regime,  presumably  because  of  an  interaction 
between  the  real  excitons  created  by  the  probe  beam  (and  the  virtual  excitons 
created  by  the  pump  beam). 

At  higher  pump  intensities  we  study  two-photon  carrier  generation  by 
monitoring  the  photocurrent  in  a  PIN  structure  (Figure  2).  A  quadratic 
dependence  is  obtained.  We  estimate,  using  the  known  two-photon  absorption 
coefficient  of  GaAs  [7],  that  at  10  GW/cra2  we  expect  a  photocurrent  of  6.7 
microamps,  about  10  times  higher  than  we  measure.  The  photoconduction  quantum 
efficiency  in  perpendicular  transport  at  low  temperature  in  quantum  wells  is 
difficult  to  estimate,  however, our  estimates  of  the  expected  two-photon 
photocurrent  are  in  reasonable  agreement  with  our  measured  values. 
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Figure  1.  Absorption  spectrum 
and  derivative  of  absorption 
compared  to  measured  differential 
transmission  at  delay  t=0. 


Figure  2.  Photocurrent  obtained 
in  DC-biased  PIN  structure  at 
10  volts  DC  bias.  A  quadratic 
behavior  indicates  two-photon 
carrier  generation. 


When  carriers  are  excited  by  two-photon  absorption  in  GaAs  in  our  case 
they  are  excited  at  3.0  eV,  or  1.5  eV  above  the  bandgap.  These  carriers 
instantaneously  create  a  weak  perturbation  of  the  excitonic  absorption  through 
a  weak  screening  and  three-photon  processes.  This  effect  prevents  the  full 
recovery  of  the  excitonic  absorption  and  becomes  stronger  in  time  as  the 
carriers  cascade  down  to  the  bandedge  by  phonon  emission  and  intervalley 
scattering.  Of  course,  after  the  carriers  recombine  in  a  few  ns  the  excitonic 
absorption  fully  recovers.  Figure  3  shows  the  full  time  course  of  the 
differential  absorption  with  100  fs  excitation  pulses  at  80  meV  below  the 
exciton  energy  at  a  pump  intensity  of  a  few  GW/cm^.  This  plot  is  obtained  by 
overlaying  a  grid  on  top  of  our  measured  differential  spectra.  We  observe  a 
rapid  initial  transient  at  both  the  heavy-hole  and  light-hole  excitons  with  an 
instrument-limited  response.  This  transient  in  the  high-density  regime 
contains  excitonic  shift  and  bleaching  contributions.  After  the  rapid 
transient  the  signals  do  not  recover  to  zero  in  the  high-density  regime.  The 
heavy-hole  exciton  differential  signal  at  +264  fs  indicates  line  broadening 
with  precise  area  conservation.  The  relative  transmission  change  at  the 
heavy-hole  exciton  at  t=0  is  about  50%  for  this  case. 

We  note  that  the  oscillations  in  the  spectra  at  negative  time  delays  are 
clearly  observed  in  this  data.  These  are  due  to  the  interaction  of  the  pump 
pulse  with  the  polarization  which  is  induced  by  the  probe  field  [8]. 
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Figure  3.  Measured  differential  transmission  spectra  for  high  pump 
intensity  conditions  at  large  detunings.  The  long  time  transient  due  to  two- 
plioton  carrier  generation  is  clearly  observed. 


In  conclusion,  we  show  that  two-photon  carrier  generation  is  important 
when  making  intense  virtual  excitations  in  the  large  detuning  limit.  This 
causes  power  dissipation  and  long  (ns)  lifetime  transients  and  is  undesirable 
in  general.  Use  of  a  reverse-biased  PIN  structure  provides  an  independent 
measure  of  the  two-photon  generated  photocarrier  density.  In  the  small 
detuning  limit,  large  shifts  of  the  excitons  can  be  obtained  at  lower  pump 
powers,  so  that  two-photon  effects  are  weaker,  however, very  short  optical 
pulses  (less  than  100  fs)  because  of  their  large  bandwidth  inherently  violate 
the  small  detuning  limit.  Virtual  excitation  and  two-photon  carrier  excitation 
effects  are  connected  in  a  fundamental  way  and  a  full  theoretical  analysis  of 
their  inter-relation  is  required. 
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1 .  Introduction 

Recently,  ultrafast  optical  phenomena  based  on  virtual  pair  excitations  in  semiconductor 
quantum  well  (QW)  structures  have  been  attracting  a  great  deal  of  attention.  For  instance, 
ultrafast  optical  nonlinearity,  so  called  optical  Stark  effect,  in  GaAIAs  QW  structures  has  been 
experimentally  demonstrated  f  1  ]f 2).  A  new  modulation  scheme  of  optical  properties  by  virtual 
charge  polarization  in  DC  biased  QW  structures  has  been  theoretically  proposed  [3], [4].  In  both 
cases,  virtual  pair  excitation  by  an  off-resonant  pump  light  is  essential  to  realize  the  ultralast 
switches  of  the  optical  properties  of  the  structures.  In  addition,  in  the  latter  case,  one  may 
expect  a  generation  of  ultrafast  voltage  pulse  resulting  from  the  virtual  charge  polarization 
caused  by  an  asymmetry  of  the  potential  profiles  in  the  biased  QWs.  In  this  paper,  the 
dynamics  of  the  virtual  population  for  a  short  pump  light  will  be  clarified  within  a  frame  work 
of  density  matrix  formalism.  A  possibility  of  ultralast  control  of  quantum  interference  currents 
through  the  voltage  modulations  by  the  virtual  charge  polarizations  will  be  discussed,  based  on 
the  result  of  the  transient  response  of  the  virtual  excitations. 


2.  Dynamics  of  virtual  excitations 

There  exist  many  quantum  states  involving  cxcitons  and  subband  states  in  actual  QW 
structures.  In  order  to  avoid  inessential  complications,  we  postulated  a  simple  two  level 
system  interacting  with  a  classical  radiation  field,  Ep(t)  cos (w  p  t) .  The  assumption  would  be 
justified  if  the  detuning  energy  of  the  pump  light  with  respect  to  the  lowest  cxcitonic  gap. 
1 \A  ic-lhh  *s  smaller  than  or  comparable  to  the  binding  energy  of  the  excilon.  Even  if  the 
detuning  energy  is  larger  than  the  binding  energy,  the  assumption  may  be  still  meaningful 
because  the  virtual  excitation  regarding  the  Towest  cxciton  associated  with  the  smallest  detuning 
energy  may  be  a  bottle  neck  of  the  response  of  the  overall  excitations. 

For  the  two  level  system,  density  matrix  formalism  may  result  in  the  following  normalized 
relations,  under  the  rotating  wave  approximation,  ignoring  the  Tj -relaxation, 
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where  £?  (U  I  •  l  )  =  ,u  Ep  (t  )  /  2ft  .  A  =  cop  -  (w g  -  cu1  )  and  T2  are  the  Rabi 
frequency,  the  detuning  frequency  and  the  dephasing  time,  respectively.  Figure  1  shows  the 
transient  responses  of  the  upper  level  population  ^22  for  pump  pulses  described  by  Gaussian 
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Fig.l  Estimated  responses  of  carrier 
population  p22  for  Gaussian  pump  pulses. 


functions,  &  (|a  I  •  t  )  -  exp(  -  \A  fr  /  b  )  with  full  width  at  half  maximum 
(FWHM),  4-10  and  a  normalized  peak  value  &0  /  |A  [  of  1/10,  for  a  fixed  normarized 
dephasing  time,  |zl  [  T  2  -  300. 

As  a  result  of  the  numerical  estimations,  a  criterion  for  quasi  pure  virtual  excitations  is  given 
as  follows,  6  /  Id  |  s  FWHM  s7"2  /  10  .  For  detuning  energies,  ft  A  =5meV  and  30meV, 
the  unity  normalized  time,  [d  |  •  /  =1  gives  actual  times  1 25 f- s  and  21f'S,  respectively. 
Therefore,  the  virtual  population  can  almost  follow  up  the  pump  pulse  with  a  FWHM  of  750f-s 

(126f  s)  and  a  detuning  energy  of  SmeV  (30meV)  if  the  dephasing  times  are  ten  times  longer 
than  the  FWHMs.  With  experimental  data  on  the  dephasing  time  in  GaAs  QWs  at  very  low 
temperature  ~  10K  [5]  and  absorption  tail  at  80K  [6],  it  can  be  confirmed  that  such  a  large  value 
of  the  dephasing  time  is  realizable  for  a  detuning  energy  of  5meV  (30meV)  at  10K  (80K), 
Fauicuiarly,  it  should  be  noted  that  the  dephasing  time  tends  to  increase  even  more  with  the 
increasing  detuning  energy  because  of  the  non-Markovian  nature  of  the  relaxation  processes. 


3.  Control  of  quantum  interference  currents 

In  addition  to  proposed  optical  nonlinearity,  an  extremely  short  voltage  pulse  would  be 
generated  by  the  virtual  charge  polarization  in  the  biased  QW  structure  f3],[4].  In  the  device 
structure  shown  in  Fig. 2  the  quantum  interference  current  [7]  flowing  in  the  channels  A  and  B 
could  be  controlled  through  the  modulation  of  voltage  drop  between  the  channels  due  to 
virtual  charge  polarization  in  the  multiple  quantum  well  (MQW)  structure  inside  the  channels. 
The  thickness  LZq  of  the  channels  should  be  smaller  than  that  Lzc  of  the  MQW  to  realize 
selective  virtual  populations  in  the  MQW.  The  screening  field  Es  may  induce  a  voltage  pulse 
between  the  channels  A  and  B  in  Fig.2,  given  by 
4K  -GV  E  L,  ) 

A  B  s  ZC 

whcie  N  is  the  period  of  the  multiple  quantum  wells.  In  gcncal,  the  modulation  depth  AV 
of  gate  voltage  required  for  100%  modulation  of  quantum  interference  currents  is  fairly  small 
[7],  for  instance. 
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for  a  channel  length,  L=2000A  and  an  average  electron  velocity  (Fermi-velocity), 
v=l.86xl07cm/sec,  t.e.,  a  transit  time,  T;  -l.Jpsec.  Such  a  small  modulation  of  the  voltage 

would  be  realized  by  a  small  pump  power  density,  ~3MW/cm~  and  a  detuning  energy  of  5meV 
in  the  device  with  10  period  graded  gap  quantum  wells  without  external  bias  voltages.  The 
internal  voltage  modulation  without  bias  voltages  [3]  is  extremely  important  because  the 
modulation  depth  of  the  quantum  interference  currents  becomes  shallow  for  a  large  bias  gate 
voltages  {7].  Also,  it  is  extremely  important  that  the  switch  of  the  internal  voltage  due  to  virtual 
charge  polarizations  is  expected  to  be  free  from  C.R  time  constant,  resulting  in  a  fairly  short 
switching  lime,  -lpsec  and,  consequently,  a  small  power  delay  product  of  the  device.  30 
fcmtojoulc.  Many  devices  slacked  on  a  single  chip  can  be  simultaneously  driven  by  a  single 
pump  pulse  because  the  virtual  process  is  at  least  in  principle  loss  free.  This  is  an  important 
advantage  of  this  kind  of  modulation  scheme  based  on  virtual  excitations  over  those  based  on 
real  ones. 
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1.  Introduction 


Ultrafast  inter-subband  relaxation  processes  of  photoexcited  carriers  in  semiconductor  quan¬ 
tum  dots  are  now  attracting  much  attention  from  the  viewpoint  of  fundamental  physics  and 
also  from  the  interest  of  applied  physics.  Recently,  ullrafast  absorption  recovery  was  ob¬ 
served  in  semiconductor-doped  glasses  employing  femtosecond  pump-probe  techmques[l,2] 
Along  with  this,  the  degenerate  four-wave  mixing  in  semiconductor-doped  glasses  was  mea¬ 
sured  and  the  ultrafast  dephasing  time  was  estimated[3]  These  measurements  yielded  a 
relaxation  time  of  about  200  femtoseconds.  The  most  important  mechanism  of  this  ultrafast 
relaxation  is  considered  as  phonon-mediated  inter-subband  transition  So  in  this  paper,  we 
will  formulate  the  electron-phonon  interactions  in  semiconductor  quantum  dots  and  esti¬ 
mate  the  inter-subband  relaxation  rate  First  of  all,  it  is  to  be  noted  that  in  semiconductor 
microcrystallites,  the  translational  symmetry  is  totally  lost  due  to  three-dimensional  confine¬ 
ment  and  thus  the  concept  of  wavevector  is  not  applicable  for  both  electrons  and  phonons 
Instead  the  electronic  states  become  discrete  due  to  the  quantum  confinement  effect  and 
form  a  series  of  subband  states.  Similarly  the  phonon  spectra  become  discrete  due  to  the 
boundary  condition  at  the  microcrystallite  surface 

2.  Electron-Phonon  Interactions  in  Semiconductor  Microcrvstallites 


In  this  section  the  electron-phonon  interactions  in  semiconductor  microcrystallites  will  be 
derived.  First  we  will  discuss  the  optical  phonon  mode  The  optical  phonon  modes  in  a 
finite  crystal  can  be  classified  into  longitudinal  ,  transverse  and  surface  modes[4]  As  for  the 
longitudinal  optical  mode  in  a  spherical  semiconductor  microcrystallite,  the  electron-phonon 
coupling  occurs  through  the  longitudinal  depolarization  field  and  the  electron-LO  phonon 
interaction  Hamiltonian  is  given  as 


where  R  is  the  radius  of  a  quantum  dot,fo(f-^)  the  static( high  frequency)  dielectric  constant. 
jl  and  1  are  a  spherical  Bessel  function  and  a  spherical  harmonics,  respectively,  fy/s  are 
zeros  of  the  ji  function  and  .\ imj  is  the  normalization  constant.  The  coupling  strength 
is  inversely  proportional  to  the  square  root  of  the  particle  radius.  This  implies  that  the 
confinement  of  electrons  and  phonons  in  a  small  crystallite  enhances  their  interaction 


The  electron-phonon  interaction  associated  with  the  surface  optical  phonon  mode  will 
be  discussed.  The  amplitude  of  surface  phonon  mode  is  in  general  localized  in  the  vicinity 
of  the  crystal  surface  and  on  the  contrary  the  electronic  wavefunction  has  a  small  amplitude 
at  the  crystal  surface.  Thus  the  electron-surface  phonon  coupling  is  considered  to  be  small. 
However,  the  lowest-order  surface  optical  phonon  mode  which  is  usually  called  Frchlich 
mode[5]  has  a  uniform  lattice  polarization  in  a  spherical  crystallite  and  the  coupling  with 
electrons  is  expected  to  be  large.  In  this  case  also,  the  electron-phonon  coupling  occurs 
through  the  longitudinal  depolarization  field  and  the  electron-surface  phonon  interaction 
Hamiltonian  is  given  as 
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where  m  is  ±1  or  0  The  coupling  strength  is  inversely  proportional  to  the  square  root  of 
the  quantum  dot  radius  R. 

As  for  the  acoustic  phonon  modes  in  a  semiconductor  microcrystallite,  the  mode  fre¬ 
quencies  and  mode  eigenfunctions  are  determined  by  solving  the  elastic  wave  equation  with 
an  appropriate  boundary  condition[6j.  As  one  of  these  acoustic  modes,  we  will  consider 
the  radial  vibration  modes.  These  modes  are  longitudinal  acoustic  modes  and  couple  with 
electrons  through  the  deformation  potential.  The  explicit  form  of  the  electron-LA  phonon 
interaction  Hamiltonian  is  given  as 


H  of  =  Ej 


hj0(hrc) 


4kPojlaR3  ^jf(hR)  -  j0{hR)j2(hR) 


(3) 


where  Ed  is  the  deformation  potential  and  h  is  a  constant  determined  by  the  boundary 
condition  and  is  proportional  to  R~l .  Then  the  coupling  strength  is  inversely  proportional  to 
RjE  .  As  typical  transverse  acoustic  modes,  we  can  take  up  rotatory  vibration  modes.  These 
acoustic  modes  have  no  dilatation  and  thus  do  not  have  deformation  potential  coupling. 
However,  the  piezoelectric  coupling  with  electrons  through  the  strain  field  is  possible.  The 
Hamiltonian  of  piezoelectric  coupling  between  electrons  and  TA  phonons  is  given  as 


3  h _ 1 _ 

8 vp~-TA  y/fiil-cR)  -  jo(KR)j2{KR) 

[?  is  +  ' a i  ) (vi («r«)  -  -Eji(KR)^jCi .  r\. )) 

2c is  -  cas  +  cm  }ji(f<re  ){\  .  p, )  +  ,  (ff, ,  ^  )\j . 

J 

<4: 

where  and  r:il  are  the  piezoelectric  constants  and  k  is  a  constant  determined  by  the 

boundary  condition.  The  coupling  strength  is  inversely  proportional  to  R^2 . 

We  have  formulated  three  types  of  the  electron-phonon  coupling  in  semiconductor 
microcrystallites.  The  dependences  of  the  coupling  strength  on  the  quantum  dot  radius 
are  different  for  the  three  coupling  schemes.  The  Frcihlich  coupling  with  LO  phonons  or 
Frohlich  surface  modes  has  a  matrix  element  of  the  order  of  a  few  meV  for  a  quantum 
dot  radius  of  lOOA.  On  the  other  hand,  the  matrix  elements  of  the  deformation  potential 
coupling  and  the  piezoelectric  coupling  are  two  orders  of  magnitude  smaller  than  that  of  the 
Frcihlich  coupling  for  the  particle  radius  of  100.4  However,  the  dependence  on  the  particle 
size  is  stronger  for  the  acoustic  phonon  coupling.  Thus  for  smaller  size  particles,  the  matrix 
elements  of  the  acoustic  phonon  coupling  can  be  comparable  to  or  larger  than  those  of  the 
optical  phonon  coupling. 

3.  Inter-Subband  Relaxation  Rate 

On  the  basis  of  these  electron-phonon  interaction  Hamiltonians,  we  can  estimate 
the  inter-subband  relaxation  rate.  The  inter-subband  relaxation  can  occur  between  the 
energy  levels  with  the  same  angular  momenta  and  also  between  the  energy  levels  with 
different  angular  momenta.  The  inter-subband  transition  matrix  elements  are  not  very 
strongly  dependent  on  the  angular  momenta  of  energy  levels  and  also  on  the  subband 
indices.  For  a  one-phonon  emission  process  in  which  the  inter-subband  energy  happens 
to  be  equal  to  the  LO  phonon  energy,  the  relaxation  time  is  estimated  as  follows  For 
CdS,  using  the  parameters  u ;/,o  —  305cr?r  ’,  u,‘  y  o  —  240rm  1  and  r —  5.3,  we  obtain 


Hrz  =- 


£o 


RV2  V 
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1/I>  =  C6.2  ■  \/f?(/.s),  where  R  is  measured  in  unit  of  100A  .  For  CdSe,  with  the  param¬ 
eters  i.o  =  212r??i_1,  ujto  =  172 cm-1  and  =  6.1,  a  little  longer  relaxation  time  is 
obtained  as  l/F^  =  88.9  •  \/~R(fs).  However,  these  values  are  a  few  times  as  short  as  the 
observed  relaxation  time.  The  exact  matching  between  the  inter-subband  energy  and  integer 
times  the  LO  phonon  energy  is  rather  fortuitous.  In  general  there  is  a  mismatch  between 
the  two  and  this  energy  mismatch  is  compensated  for  by  acoustic  phonons.  Participation  of 
acoustic  phonons  reduces  the  inter-subband  relaxation  rate  drastically  as  can  be  seen  from 
the  previous  argument  on  the  magnitude  of  matrix  elements.  In  fact,  for  a  two-phonon 
process  involving  one  LO  phonon  and  one  LA  or  TA  phonon,  we  found  that  the  relaxation 
rate  is  inversely  proportional  to  R6 .  It  is  estimated  that  for  R  =  50-4,  l/Tp*  =  2.3 pa  and 
for  R  =  33.4,  1  /Tph  —  200/s.  This  result  may  suggest  that  the  radius  of  microcrystallites 
contained  in  semiconductor-doped  glasses  is  about  30.4. 

4.  Discussion 

On  the  basis  of  these  calculations,  we  can  describe  the  relaxation  processes  of  photoex- 
cited  carriers  in  a  semiconductor  microcrystallite.  When  the  excess  energy  of  carriers  is  more 
than  a  few  times  the  LO  phonon  energy,  the  relaxation  occurs  mainly  through  LO  phonon 
emission.  As  the  carrier  energy  decreases,  the  acoustic  phonons  begin  to  participate  in  the 
relaxation  process.  Furthermore,  when  the  excess  energy  is  less  than  one  LO  phonon  energy, 
the  carrier  relaxation  occurs  through  emission  of  acoustic  phonons  alone  and  the  relaxation 
rate  slows  down  drastically.  In  this  region  the  radiative  recombination  and  the  trapping 
into  shallow  traps  come  into  play  as  another  relaxation  channels  in  competition  with  the 
acoustic  phonon  emission.  The  radiative  recombination  lifetime  is  calculated  from  the  os¬ 
cillator  strength  of  the  excitonic  transition)?].  The  radiative  lifetime  decreases  with  increase 
in  the  particle  size.  When  the  particle  radius  is  assumed  to  be  about  30.4  which  yielded 
a  reasonable  value  of  about  200  femtoseconds  for  the  inter-subband  relaxation  time,  the 
radiative  lifetime  is  estimated  to  be  about  100  picoseconds.  This  value  is  also  in  reasonable 
agreement  with  the  observed  decay  time. 

In  summary,  we  have  developed  a  theory  of  electron-phonon  coupling  in  a  semiconductor 
microcrystallite  and  clarified  the  dependence  of  the  coupling  strength  on  the  particle  radius 
for  the  first  time.  On  the  basis  of  this  theory,  we  have  estimated  the  inter-subband  relaxation 
time  and  obtained  a  reasonable  agreement  with  the  experimental  values. 
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Recently,  semiconductor-doped  glasses  have  attracted 
increasing  attention  to  their  quantum  size  effect  and  large 
nonlinear  optical  susceptibilities.  Ultrafast  relaxation  times 
as  well  as  other  various  properties  of  these  glasses  have  been 
measured  [1].  The  results  reported  by  many  authors  are,  however, 
often  diversified.  In  order  to  understand  and  resolve  these 
differences  in  part,  we  discuss  here  a  nonlinear  dynamical 
aspect  of  these  material  in  relation  to  nonlinear  photolumines¬ 
cence  at  77  K. 

Photoluminescence  spectra  of  a  Toshiba  R-63  color  glass 
filter  show  a  low  energy  broad  band  peak  at  650  nm  for  a  weak 
excitation  intensity,  and  a  rather  sharp  peak  at  605  nm  for 
increased  intensities.  The  low  energy  peak  has  a  lifetime  of 
about  2  usee,  therefore  it  is  attributed  to  the  emission  from  a 
surface  trapping  state.  The  radiative  lifetime  of  605  nm 
emission  depends  strongly  on  the  excitation  power  (see  Fig.1). 
Under  the  weak  excitation  of  532  nm  pulses,  the  lifetime  is 
less  than  20  psec .  Then  with  increasing  intensity  the  radia¬ 
tive  decay  becomes  slower,  and  the  decay  curve  approaches  a 
doubly  exponential  type  with  decay  times  440  psec  and 
1250  psec.  In  accordance  with  a  sufficient  decrease  of  the 
photo-darkening  effect  at  this  temperature,  the  nonlinear  be¬ 
havior  is  reversible  as  a  function  of  the  excitation  intensity. 

Considering  a  four-level  system  as  shown  in  Fig. 2,  the  above 
experimental  results  are  explained  well  in  terms  of  a  change  of 
carrier-recombination  route  due  to  population  saturation  of  a 
trapping  state  lying  at  lower  energy.  With  this  model,  the 
photo-excited  carriers  firstly  relax  into  the  low-lying 
trapping  state  with  a  very  fast  non -radia t i ve  decay  rate  , 
then  relax  radiatively  from  this  trapping  state  with  the  650  nm 
luminescence.  When  the  trapping  states  of  a  finite  number  were 
filled  up,  the  carriers  now  decay  directly  from  the  band  edge 
state  with  the  605  nm  luminescence. 

The  above  interpretation  was  confirmed  by  an  experiment  with 
superposed  two  mode-locked  pulse  trains,  one  for  a  strong 
pre-excitation  and  the  other  for  a  weak  probe,  delayed  with 
respect  to  the  other  (Fig. 3).  The  weak  pulses  went  through  the 
mechanical  chopper,  so  that  only  the  photoluminescence  excited 
by  the  weak  pulses  could  be  detected  by  a  lock-in  amplifier.  It 
turns  out  that,  even  though  the  weak  probe  pulses  cannot  excite 
the  605  nm  luminescence  by  themselves  (Fig4.a),  they  can  excite 
it,  if  the  pre-excitation  pulses  enter  beforehand  within  the 
lifetime  of  the  trapping  state  (Fig4.b). 

This  experimental  result  suggests  that  it  is  possible  to 
observe  the  ultrafast  nonlinear  response  of  the  interband 
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Fig.1  Time  dependences  of  the  605 


WAVELENGTH  (NM) 


Fig. 3  Schematic  diagram  of  the  Fig. 4  Photoluminescence  spectra 

experiment  for  induced  of  the  color  filter  without 

luminescence  (a)  and  with  (b)  pre¬ 

excitation  pulse 


transition  selectively,  by  saturating  the  trapping  state  within 
2  usee  before  the  signal  excitation  pulses  by  the  pre-excita¬ 
tion  pulses.  For  example,  the  response  of  the  transient 
grating  was  examined  with  the  configuration  as  shown  in  Fig. 5. 
The  beams  k1 ,  k^,  k^  are  from  a  cw  mode-locked  dye  laser,  and 
the  pre-excitation  beam  is  from  the  second  harmonic  light  of 
the  YAG  laser  which  pumped  the  dye  laser.  Fig. 6  shows  the 
diffraction  signals  as  a  function  of  the  delay  time  of  the  k, 
pulse.  The  background  component  of  the  diffraction  siqnal 
corresponding  to  the  slow  nonlinear  response  is  reduced  by  the 
pre-exci tation  pulses  (open  circle). 

Our  results  consistently  explain  the  experiments  on  the 
optical  nonlinear  response  reported  by  ROUSSIGNOL  et  al.|2)  and 
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Fig. 5  Schematic  diagram  of  four- wave  mixing  experiments 


Four-wave  mixing  signals  in 
Schott  RG-645  filter  with 
(open  circles)  and  without 
(filled  circles)  pre¬ 
excitation  pulse 


C0TTER(3J.  For  samples  with  a  small  amount  of  the  trapping 
state,  the  population  saturation  easily  occurs,  and  the 
population  grating  with  fast  response  is  then  formed  in  the 
band  edge  state.  This  corresponds  to  the  growth  of  the  high 
energy  605  nm  luminescence  with  increased  intensity  in  our 
experiment.  A  4.4  kHz  narrow  resonance  reported  by  REMILLARD  et 
a  1 .  [ 4  ]  would  correspond  to  the  decay  rate  of  the  trapping  state 
with  the  excitation  intensity  below  the  saturation  point. 

Some  characteristics  of  the  semiconductor-doped  glasses  were 
revealed.  The  new  method  was  proposed  which  may  be  used  to 
analyze  the  size  effects  in  these  glasses.  This  technique  may 
also  be  used  to  control  an  optical  switch  or  make  it  operable 
by  a  weak  driving  power. 
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Use  of  the  photon  echo  technique  to  study  dephasing  in  semiconductors  and  large 
molecules  in  solution  has  been  frustrated  by  the  very  rapid  dephasing  in  such  systems. 
Recently  advances  in  pulse  compression  techniques  have  permitted  the  generation  of 
optical  pulses  as  short  as  6  femtoseconds  [1]  making  the  observation  of  coherent 
transients  in  such  systems  possible. 

Treacy  [2]  showed  in  his  original  work  on  pulse  compression  that  a  pair  of  gratings 
could  be  used  to  compensate  a  linear  frequency  chirp  or  quadratic  phase  distortion. 
He  also  pointed  out  that  when  compressing  optical  pulses  with  a  large  bandw'idth,  a 
grating  pair  impresses  an  unwanted  cubic  phase  distortion  on  the  optical  pulse.  This 
has  provided  a  limit  to  pulse  compression  using  this  approach  to  just  under  10 
femtoseconds. 

A  pair  of  prisms  can  be  used  in  much  the  same  manner  as  a  grating  pair  for  pulse 
compression.  A  prism  pair  also  induces  a  cubic  phase  distortion  but  amazingly  it  is  of 
the  opposite  sign  of  that  caused  by  a  grating  pair.  Correction  to  third  order  in  the 
phase  can  then  be  accomplished  by  using  a  grating  pair  followed  by  a  prism  pair  to 
cancel  out  the  third  order  distortions  in  the  phase.  Using  this  approach  an  optical 
pulse  of  6  femtoseconds  has  been  generated  and  used  for  the  experiments  described 
here. 

Recent  hole  burning  experiments  in  large  molecules  in  solution  [3]  suggest  that  it 
may  be  possible  to  observe  photon  echoes  in  these  systems.  Hole  burning  experiments 
have  shown  that  T2  is  on  the  order  of  70  femtoseconds  for  a  single  vibronic  transition. 
With  a  six  femtosecond  optical  pulse  the  entire  vibronic  spectrum  is  excited  so  the 
echo  will  be  the  sum  of  all  the  echoes  from  the  manifold  of  vibronic  states. 

Several  attempts  have  been  made  to  observe  coherent  transient  processes  in 
organic  dyes  including  four  wave  mixing,  three  pulse  echoes,  and  four  wave  mixing 
with  incoherent  pulses.  In  the  experiments  reported  here  we  attempt  to  observe 
echoes  using  a  two  pulse  sequence.  The  two  pulses  having  wave  vectors  Kj  and  1C, 
make  a  small  angle  and  generate  an  echo  in  the  momentum  matched  direction  2Kjj 
-K  .  The  echo  is  then  separated  spatially  from  the  exciting  pulses.  The  energy  of  the 
generated  echo  is  measured  as  a  function  of  relative  time  delay  between  the  exciting 
pulses. 

The  primary  utility  of  a  photon  echo  is  to  determine  the  dephasing  time,  T  .  For  a 
purely  inhomogeneously  broadened  two  level  transition  the  echo  energy  will  decay 
exponentially  with  the  relative  time  delay,  r ,  between  the  exciting  pulses: 
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Eccho  =  eXP(-4r/T2)  • 


(1) 


For  the  case  of  a  homogeneously  broadened  two  level  transition  a  polarization  free 
decay  will  be  observed  to  relax  as  exp(-2r/T2).  These  relations  show  that  an  optical 
pulse  much  shorter  that  T2  must  be  used  to  time  resolve  the  echo  decay. 

The  experiments  were  performed  using  compressed  pulses  corrected  to  third  order 
in  a  manner  described  previously.  The  pulse  repetition  rate  was  10  kHz  and  the  pulse 
energy  was  20  nJ.  The  energy  of  the  pulse  was  less  than  that  needed  for  a  n  pulse  so 
the  echoes  observed  in  the  experiments  described  here  are  in  the  small  signal 
perturbation  limit.  The  pulses  were  split  into  two  parts  using  a  beam  splitter  in  a 
modified  Michelson  configuration  to  form  the  two  excitation  pulses.  The  two  pulses 
were  focused  with  a  5  cm  focal  length  lens  into  a  flowing  stream  containing  the 
molecule  under  study.  One  pulse  was  delayed  with  respect  to  the  other  using  a 
stepper  motor  controlled  delay. 

The  signal  detected  in  the  echo  direction  was  directed  into  a  photomultiplier.  The 
detection  electronics  consisted  of  a  boxcar  integrator  followed  by  a  phase  lock 
detector.  The  signal  was  measured  as  a  function  of  relative  time  delay  between  the 
pulses. 

The  measured  echo  energy  for  the  oxazine  dye  Nile  Blue  is  plotted  in  Figure  1. 
Note  that  a  very  rapid  4  femtosecond  time  decay  is  observed.  The  dynamic  range  of 
the  experiment  is  limited  by  the  lack  of  perfect  phase  compensation  for  this  very  short 
6  femtosecond  optical  pulse.  The  action  of  imperfect  phase  compensation  is  to 
produce  energy  in  the  trailing  edge  of  the  pulse. 

How  do  we  reconcile  this  rapid  polarization  free  decay  with  the  much  longer 
T2=70fs  reported  in  the  hole  burning  experiments?  To  understand  this  data  we  need 
to  consider  the  photon  echo  from  a  system  of  vibronic  levels.  Each  level  in  the  ground 
state  is  coupled  to  a  manifold  of  vibronic  levels  having  a  Franck-Condon  overlap  with 
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Figure  1.  Plot  of  the  log  of  the  echo  energy  versus  time  delay. 
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the  ground  state.  For  purposes  of  our  discussion  let  us  assume  delta  function  in  time 
excitation  pulses  and  strong  inhomogeneous  broadening.  The  echo  energy  as  a 
function  of  time  delay  is  given  by 


S(r)  « 


E  Mo/Mo;C0s(M;(jr)| 

Vi 


exp(-4r/T2) 


where  |i>  and  |j>  are  excited  state  vibronic  levels  and  w/;  is  the  frequency  difference 
between  these  levels.  In  such  a  multilevel  system  the  exponential  term  can  be 
dominated  by  the  term  in  the  brackets  which  comes  about  from  the  dephasing  due  to 
the  sum  of  the  echoes  coming  from  the  manifold  of  vibronic  levels.  Obviously  this 
consideration  precludes  the  determination  of  T2  from  a  manifold  of  levels  using  the 
photon  echo  technique. 

A  number  of  conclusions  can  be  drawn  from  this  discussion.  First  it  is  necessary  to 
take  a  system  point  of  view  in  calculating  the  echo  response.  Even  though  hole 
burning  indicates  that  T2  is  ~  70  femtoseconds  the  echo  from  a  manifold  of  vibronic 
levels  is  dephased  much  more  rapidly.  The  measured  dephasing  rate  of  the  manifold 
of  vibronic  levels  is  4  femtoseconds  and  is  at  the  limit  determined  by  the  spectral 
linewidth  of  the  Sj  electronic  transition. 

A  more  interesting  system  to  study  is  the  polarization  dephasing  rate  of  band  to 
band  transitions  in  the  direct  band  semiconductor  GaAs.  The  dephasing  rate  provides 
a  direct  measure  of  the  process  of  momentum  relaxation.  At  high  carrier  densities  the 
carrier  momentum  loses  phase  coherence  primarily  through  the  screened  Coulomb 
interaction  between  carriers.  Both  elastic  and  inelastic  carrier-carrier  collisions 
contribute  to  the  momentum  dephasing.  At  low  carrier  densities  electron-phonon 
interactions  are  the  dominate  dephasing  process.  The  density  dependence  of  the 
polariztion  rate  provides  important  information  concerning  the  carrier-carrier 
interaction. 

The  experiment  was  performed  in  the  manner  just  described  for  molecules.  The 
sample  was  a  thin  .1  micron  thick  sample  of  GaAs  grown  by  molecular  beam  epitaxy. 
Both  faces  of  the  sample  were  antireflection  coated.  The  excitation  pulse  energy  at 
the  sample  ranged  from  .1-.01  nJ  per  pulse  which  corresponds  to  carrier  densities 
ranging  from  l(r  to  1018  cm'3.  The  carrier  density  was  estimated  by  measuring  the 
number  of  photons  absorbed  in  the  material.  The  spot  size  of  the  focused  beam  was 
measured  to  be  30  microns  in  diameter. 

In  Figure  2  we  have  plotted  the  log  of  the  echo  energy  versus  the  relative  time 
delay  between  the  pulses.  At  the  highest  density  an  exponential  decay  with  a  time 
constant  of  3.5  femtoseconds  is  measured.  This  is  very  close  to  the  system  response 
limit.  As  the  density  is  reduced  the  echo  decay  time  lengthens  and  is  very  clearly 
resolved. 

The  echo  decay  constant,  Tccho  is  plotted  as  a  function  of  density  in  Figure  3.  The 
points  are  experimental  and  the  solid  curve  is  a  power  law  fit  to  the  data  and  is  given 
by  the  expression 
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Figure  2.  Plot  of  the  log  of  the  photon  echo  energy  as  a  function  of 

relative  time  delay  between  excitation  pulses.  The  time  constant 
of  the  exponential  decay,  T^,  is  indicated  for  each 
carrier  density.  ^ 


Figure  3.  Echo  decay  time  constant  as  a  function  of  the  carrier  density  for 
GaAs. 


T  L  =  6.81  x  N  '•3  . 

echo 

According  to  expression  (1)  the  polarization  dephasing  time  is  given  by  the  relation 
T2  =  4Tccho.The  data  reveal  that  the  dephasing  time  ranges  from  14  femtoseconds 
to  44  femtoseconds  while  the  density  has  been  changed  from  7xl013  to  1.5xl017  cm’3. 
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The  dependence  of  the  dephasing  rate  on  density  clearly  suggests  that  the 
deph-siriK  nrocess  is  dominated  by  carrier-carrier  interactions.  The  momentum 
relaxation  rate  T  in  the  limit  of  large  carrier  densities  is  given  by 

TmN-^N) 

where  N  is  the  carrier  density  and  S(N)  is  a  density  dependent  factor  representing  the 
effect  of  Coulomb  screening.  In  the  Thomas-Fermi  approximation  S(N)=N2^3  which 
is  close  to  the  experimentally  measured  S(N)=N0'7.  However,  the  Thomas-Fermi 
approximation  is  not  valid  in  this  situation  because  the  excited  carrier  distribution  is 
nonthermal.  Currently  a  good  theory  does  not  exist  to  describe  the  process  of 
screening  in  this  highly  nonequilibrium  population  distribution.  These  experiments 
provide  the  first  information  on  nonequilibrium  screening  processes  on  such  a  rapid 
time  scale. 
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Fourier-Transform  Spectroscopy  in  Dye-Doped  Polymer  Films 
Using  Femtosecond  Accumulated  Photon  Echo 

S.  Saikan 

Department  of  Physics,  Faculty  of  Science,  Osaka  University, 

Toyonaka,  Osaka  560,  Japan 


Fourier-transform  spectroscopy  using  femtosecond  accumulated  photon  echo 
has  been  applied  to  samples  of  dye-doped  polymer.  The  material  dependence 
of  linear  electron-phonon  interaction  and  the  origin  of  the  quantum  beat 
have  been  investigated. 


1.  INTRODUCTION 

The  persistent  hole-burning  effect  in  dye-doped  polymers  has  recently  attr¬ 
acted  considerable  attention  because  of  the  promising  application  to  the 
frequency-domain  optical  storage,  To  accomplish  this  technique  at  higher 
temperature,  it  needs  to  find  a  material  which  exhibits  a  weak  electron- 
phonon  coupling.  The  study  of  the  electron-phonon  interaction  in  dye-doped 
material  has  usually  been  performed  by  the  persistent  hole-burning  spect¬ 
roscopy.  However,  since  the  hole  spectrum  varies  dependent  on  the  burning 
fluence,  the  detailed  investigation  on  the  burning  kinetics  /!/,  in  part¬ 
icular,  on  the  time  evolution  of  the  hole  spectrum,  is  indispensable  to 
attain  the  material  parameters  such  as  the  homogeneous  width  of  the  zero- 
phonon  line  and  Debye-Waller  factor.  As  an  alternative  method  to  investi¬ 
gate  the  electron-phonon  interaction,  we  have  recently  developed  Fourier- 
transform  spectroscopy  using  femtosecond  accumulated  photon  echo  /2 , 3/ . 

In  this  technique,  the  accumulated  photon  echo  is  excited  by  an  extreme¬ 
ly  broadband  incoherent  light,  and  then  the  observed  echo  signal  is 
Fourier-cosine  transformed  using  computer.  Because  of  the  low  power  densi¬ 
ty  per  unit  frequency  of  the  broadband  dye  laser,  the  obtained  spectrum 
is  considered  to  be  rather  close  to  the  hole  spectrum  at  relatively  short 
burning  time.  In  this  paper,  we  review  the  recent  experimental  results  on 
the  Fourier-transform  spectroscopy  in  dye-doped  polymers  /2- 4/ . 

2.  ACCUMULATED  PHOTON  ECHO 

Based  on  the  density  matrix  incorporating  the  fluctuation  of  the  electronic 
transition  frequency,  we  have  recently  clarified  several  characteristic 
features  of  the  accumulated  photon  echo  /2 , 4/ .  The  phase  relaxation  process 
is  generally  related  to  the  fluctuation  of  the  electronic  transition  frequ¬ 
ency,  and  the  temporal  behaviour  of  the  echo  can  be  described  by  the 
relaxation  function  / 5/  which  is  derived  from  the  statistical  averaging  of 
the  frequency  fluctuation.  The  relaxation  function  for  the  accumulated 
photon  echo  can  be  factorized  as  a  product  of  the  corresponding  first-order 
relaxation  function.  This  is  the  most  striking  difference  between  the 
transient-  and  accumulated  photon  echo.  In  addition,  it  can  be  proved  that 
the  Fourier-cosine  transform  of  the  heterodyne-detected  accumulated  photon 
echo  provides  the  hole-burning  spectrum.  Therefore,  using  a  broadband  dye 
laser,  the  hole-burning  spectrum  can  be  obtained  over  a  wide  spectral  range. 
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Under  the  excitation  of  such  a  broadband  laser,  many  spectral  components 
including  zero-phonon  line,  phonon  sideband  and  vibronic  lines  are  simul¬ 
taneously  excited,  and  the  quantum  beats  appear  in  the  echo  signal.  Howe¬ 
ver,  it  should  be  noted  that  the  quantum  beat  in  the  accumulated  photon 
echo  is  not  induced  by  the  sublevel  coherence  which  is  responsible  for 
the  quantum  beat  in  transint  pump-probe  experiment  /6/,  but  is  induced  by 
the  interference  between  two  single-photon  transitions.  This  is  because 
the  accumulated  photon  echo  originates  from  the  accumulation  of  the  satu¬ 
ration  hole  in  the  ground  state,  and  this  signal  overwhelms  the  transient 
two-photon  signal  which  is  associated  with  the  sublevel-coherence. 

3.  EXPERIMENTAL 

The  experimental  arrangement  for  the  heterodyne-detected  accumulated  photon 
echo  is  depicted  in  Fig.l  /7,8/.  The  synchronously  pumped  rhodami ne-6G  dye 
laser  was  used  as  the  excitation  light.  When  the  dye  laser  was  operated 
without  birefringent  filters,  the  bandwidth  results  in  about  300  cm’1 
around  the  centre  wavelength  of  590  nm.  This  bandwidth  has  given  the  time 
resolution  of  40  fsec  in  the  present  experiment  of  accumulated  photon  echo. 
An  acousto-optical  modulator  (ISOMET  1205C)  was  employed  to  intensity- 
modulate  the  pump-beam  at  5  MHz.  The  signal  has  been  amplified  by  a  tuned 
preamplifier  and  then  fed  into  a  high  frequency  lock-in  amplifier  (PAR 
5202).  The  samples  we  have  employed  are  rhodamine,  oxazine,  cyanine,  tri- 
phenylmethane  and  porphine  dyes  whi.h  were  doped  in  several  polymers  inclu¬ 
ding  polyvinyl  alcohol  (PV0H),  polyacrylic  acid,  polymethyl -methacrylate 
(PMMA)  and  polystyrene.  The  samples  were  kept  at  about  2  K  in  an  immersion 
type  superfluid  helium  cryostat.  For  the  measurement  of  temperature  depen¬ 
dence,  a  flow  cryostat  was  used. 

4.  RESULTS  AND  DISCUSSION 

As  the  typical  examples,  the  observed  echo  signals  in  rhodamine-640,  DODCi 
and  tetraphenyl -porphi ne  (TPP)  are  shown  in  Fig. 2(A).  In  the  former  two 
samples,  the  low  frequency  side  of  the  absorption  spectrum  was  excited. 


Fig.l  Experimental  set-up  for  the  high-frequency  modulated 
heterodyne  detection  of  accumulated  photon  echo. 
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Fig. 2  { A  Accumulated  photon  echoes  in  *'hoda«ii ft— 64.1 .  000CI  and  T15? 
doped  in  polyvinyl  alcohol  1PV0H':. 

.'3,  Fourier-cosine  transform  of  the  echo  signal  in  ( A ) . 

\C)  Persistent  hole-turn i no  spectra.  Closed  circles  indicat- 
■he  burr:  in  ;  laser  wavelength. 


•.>!,  the  other  hand,  in  TP?  the  isolated  vibronic  bano  ,  was  -v cited. 

To  assim  ti  ■  *  sp«ttral  orinin  of  the  quantum  beats.  the  echo  si  inals  w*-r- 
f-;..rih, -cosine  transformed,  and  then  compared  with  the  p.-rs  ; '  t  bole- 
!  ;  of-.trr  that  has  been  obtained  by  m*»ars  of  the  spatial  n.odcl at  i 

tec'd  9.'.  As  seen  in  ii;s.2E  and  ?C .  the  Fouriei  transformed  ?p,-ct*  ir: 

,i-  11  i  rod  uses  the  hole-burning  spectrum.  The  above  cor  ::-a  *- ;  son  enabled  ,.s 

to  assign  the  spectral  lines  associated  with  the*  quart*!  beats.  To...  obse-v 
quantum  beats  in  dye  molecules  of  rhodamine-64'.i.  OODC  and  TPf  ir-  t  a  used . 
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line,  .'sine  this  net  hod,  we  have  investigated  the  electron-phonon  i  rt***‘d>  - 
t.  ion  in  dyn -doped  polymers. 
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Fig. 3  (A)  Polymer  dependence  of  accumulated  photon  echo  in  rhodamine-640. 
(B)  Accumulated  photon  echoes  in  resorufin,  00DC1  and  crystal-violet 
doped  in  PVOH. 


/9/.  The  Fourier-transformed  spectra  indicate  that  the  electron-phonon  int¬ 
eraction  strength  in  the  samples  of  rhodamine-640  decreases  in  the  order  of 
polystyrene,  PMMA,  polyacrylic  acid  and  PVOH  as  the  host  polymer.  Namely, 
there  is  a  correlation  between  the  electron-phonon  coupling  strength  and 
the  size  of  sidegroups  on  the  polymer  chain.  This  result  has  been  interpre¬ 
ted  in  terms  of  the  freedom  of  molecular  motion  in  the  polymer  environment 
/9/.  The  relative  intensity  of  the  phonon  sideband  to  the  zero-phonon  line 
was  also  investigated  for  three  different  dyes  of  resorufin,  D0DC1  and 
crystal-violet.  These  dyes  were  doped  in  the  same  polymer  of  PVOH.  As  shown 
in  Fig. 3(B),  since  the  echo  signal  in  resorufin  has  no  spike  around  the 
time  origin,  we  can  say  that  the  electron-phonon  interaction  is  very  weak 
in  this  sample.  Further,  since  this  dye  has  a  rigid  skeleton  in  the  molecu¬ 
lar  structure,  we  speculate  that  the  electron-phonon  interaction  is  weak  in 
a  non-flexible  molecule.  The  appearance  of  the  strong  spike  in  DODCI  is 
considered  to  be  consistent  with  the  above  speculation  because  this  dye 
has  a  flexible  polymethine  chain.  Furthermore,  in  crystal-violet.which  is 
known  to  exhibit  a  comformational  charne  in  the  excited  state  due  to  the 
twisting  of  the  phenyl  ring,  the  sharp  spike  due  to  the  phonon  sideband 
predominates  as  shown  in  Fig. 3(B).  This  result  gives  further  support  to 
our  speculation.  In  a  flexible  dye  without  a  rigid  skeleton,  bond  rearran¬ 
gement  can  occur  after  photo-excitation.  Since  the  linear  electron-phonon 
interaction  is  associated  with  the  change  in  the  oqulibrium  configuration 
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between  the  electronic  ground  and  excited  state,  it  is  reasonable  that  the 
electron-phonon  coupling  strength  should  be  related  to  the  molecular 
flexibil ity. 


4.2  Vibronic  Quantum  Beat  and  Its  Temperature  Dependence 


In  the  above  experiments ,  we  have  found  that  the  vibromc  quantum  beat 
becomes  undetectable  above  the  liquid  nitrogen  temperature.  It  makes  a 
striking  contrast  with  the  previous  observation  of  the  quantum  beat  in  tran¬ 
sient  pump-probe  experiment  performed  at  room  temperature  /I 0/ .  To  elucidate 
the  cause  of  the  difference,  we  have  derived  the  expressions  for  the  signal 
strength  of  the  transient-  and  accumulated-pump-probe  experiments  in  three 
level  system  /4/.  The  three-level  system  has  been  assumed  to  consist  of  the 
upper  two  levels  il>  and  i3>  with  the  decay  rates  yj  and','3,  and  the  ground 
state  i2>  with  the  recovery  rate  Y2-  The  expressions  for  the  pump-probe 
signal  can  be  described  as 

S(t21)=  (u|  +  v23)2e",'ZtZl  +  -A  e’ fit21  +  e‘v3t21 

+  2u|p|  e_Y3i t2i  cos  .31t21  (1) 

for  the  transient  case,  and 


S(t21)=  e'2n21  |<e^21'  (t)dt>|2  {A2+v*  +  2.;2  2 


2  3  cos  31 121  ^  ^ 


for  the  accumulated  case,  where  the  angular  brackets  denote  the  average  over 
the  modulation  process  of  the  transition  frequency  and  t?,  is  the  delay  time 
between  the  pump  and  probe  pulses.  From  eq.l,  we  noticed^that  the  signal 
in  the  transient  case  gives  no  information  about  the  phase  relaxation 
except  the  sublevel  coherence  and  the  quantum  beat  originates  from 
this  sublevel  coherence.  This  J  agrees  with  the  previous  result  obtained 
by  MITSUNAGA  and  TANG  /6/.  On  the  contrary,  in  the  accumulated  case,  the 
population  relaxation  rates  in  the  excited  state  as  well  as  the  sublevel 
coherence  do  not  contribute  to  the  signal,  and  the  quantum  beat  is  induced 
by  the  interference  between  the  two  single-photnn  transitions.  In  this  case, 
since  the  envelope  of  the  quantum  beat  is  determined  by  the  relaxation 
function,  the  beat  becomes  obscure  at  higher  temperature  due  to  the  line 
broadening  of  the  vibronic  state.  Therefore,  different  temperature  depen¬ 
dence  of  the  vibronic  quantum  beat  between  the  transient  and  accumulated 
pump-probe  experiments  is  understood,  if  we  can  assume  that  the  tempera¬ 
ture  dependence  of  the  sublevel  coherence  is  relatively  small. 
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1.  Introduction 

Aggregates  of  dye  molecules  play,  as  light-absorbing  species,  an  important 
role  in  nature  and  technology,  and  are  therefore  worth  a  detailed  optical 

study.  In  this  paper  we  report  results  of  photon  echo  and  dual-colour 

pump-probe  experiments  on  two  different  types  of  aggregates.  In  the  first 

type,  the  optically  prepared  state  can  be  described  as  the  optically 

allowed  exdton.  which  carries  a  large  oscillator  strength  resulting  in  a 
picosecond  radiative  lifetime!  With  increasing  temperature  the  optical 

phase  of  this  excilonic  wave-packet  is  disturbed  by  collisions  with  phonons 
localized  at  the  aggregate.  In  the  second  type  of  aggregate,  initially,  a 
super-emissive  excitonic  state  is  also  formed,  but  this  excitation  is  not 
stable  and  decays  into  a  polaron  state  that  becomes  trapped.  The  driving 

force  for  this  process  is  a  combination  of  strong  electron-phonon  coupling 
and  site  inhoniogeneity. 

2.  Theoretical  Background 

The  Hamiltonian  for  the  description  of  excitations  in  molecular  aggregates 

has  the  well-known  form  [1] 

H  =  H  +  H  +  H(1)  +  HUl  ! ]  i 

ex  ph  e  x  -  ph  ex-ph 

where 


H  =  »+D(o)+J  ]a*a  +  )  J  (o)a'*a  ;  H  =  Y  Aw  ll/b 

ex  n  n  n  L->  m-n  n  m  ph  Lu  o'  q  q 

n  n  n>  q 

H(l)  =  Y  Fq  Aw  (b*+b  ;a*a  ;  Hli'  =  V  xqAw 

ex-ph  w  nrn  q  q  -q  n  in  ex-ph  ^  n  < 


H1*'  =  N  xqAw  (b*-rb  )a’a  1 4 i 

ex-ph  ti  q  q  -q  n  n 

q  n 


in  (2)  through  (5)  the  Bose  operator  a 

electronic  excitation  of  energy  [s  +  D(o)  + 

represents  the  van  der  Waals  shift  that  a 

througii  interaction  with  the  other  (rigid)  mol 

inhomogeneous  site  shift  from  the  average  on. 

intertnolecular  coupling  term  of  site  n  to  m. 
creates  (annihilates)  a  phonon  of  wavevector  q 

the  electron- phonon  coupling  term  that 


lat  lice  -vibrational  dependence 
dependence  of  the  van  der 
many  cases  one  of  these 
Hamiltonian  1 1 ;  is  considered 
term  for  delocalization  of 
electronic  coupling  term.  A 

by  the  local  inhoniogeneity  ~i„ 
the  optical  excitation  on  the 
optUallv  allowed  excitonic 


a*(a)  creates  (anmhiiatesi  an 
+  Un]  at  site  n.  where  lTo) 
a  monomer  transition  undergoes 
molecules  and  J„  represents  the 
energy  stands  for  the 

m.  The  Bose  operator  b*;t> 

i  q  and  frequency  w().  H; ;  > 

lat  is  associao-n  witii  !>;•■ 


Waals  shift  on  a 
electron -phonon  terms  dominates 
in  more  detail  one  notes  that 
the  excitation  is  J.  the 
counterforce  against  delocalization 
It  is  clear  however  that  in  the 
aggregate  will  be  delocalized.  1. 
transition  that  carries  ail  I 


Hf  expresses 

local  lattice  distortion. 


s.  Whi-i;  ti.i 
i  the  driving 

intenm)lc-eulai 
I  is  provided 

case  J  •> 
leading  to  .u: 
!  he  i  iU.it  ■  iv 
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strength  of  the  coherently  coupled  monomers  and  which  attains  a  very  short 
radiative  lifetime.  We  call  these  stales  superemissive.  When  the  lattice 
vibrations  are  considered,  the  situation  becomes  more  complex.  In  the  rase 
where  J  »  A  and  the  coupling  of  the  electronic  excitation  with  the  phonons 
is  weak  (case  A)  the  inequality  is  obeyed.  In  this 

situation  delocalized  excitations  (excitons)  are  created  which  undergo 
elastic  and  inelastic  scattering  through  collisions  with  phonons.  In  the 

other  limit  where  and  J  »  A  (case  B)  we  recover  the 

classical  Frohlich-Holstein  (FH)  Hamiltonian  [2)  which  has  been  shown  to 

lead  to  excitations  known  as  polarons  and  solitons.  For  this  discussion  we 
will  focus  only  on  the  polaron-type  solutions  of  the  FH-Hamiltonian,  which 
is  achieved  by  a  canonical  transformation  of  the  Hamiltonian  (1).  The 
most  important  result  for  our  purposes  pertains  to  the  fact  that  the 

intermolecular  coupling  term  Jm.„  in  the  transformed  Hamiltonian  becomes 
+ 

J  (T)=  J  (o)<eYm  e7n>  (G) 

m-n  m-n 

where  the  term  between  brackets  denotes  a  thermal  average  of  the 

Franck-Condon  factor,  between  a  phonon-dressed  and  a  phonon-relaxed  stale, 

which  is  usually  small.  One  therefore  concludes  that  •phonon-dressing', 

besides  lowering  the  optical  excitation  energy  also  results  in  an  effective 
reduction  of  the  intermolecular  coupling  term.  However.  if  the 
electron-phonon  coupling  strength  is  such  that  the  inequality  >>  J,„  „ 

holds,  the  polaron  will  be  trapped  at  site  m!  This  self-trapping  will  have 

a  dramatic  effect  on  the  optical  dynamics  of  the  aggregate,  the  most 
important  aspect  being  that  the  dynamic  behaviour  of  the  trapped  polaron 

and  its  optical  spectrum  will  mimic  that  of  a  perturbed  monomer. 

3.  Results  and  Discussion 

The  aggregates  we  have  under  study  derive  from  the  monomers  of  the 

pseudoisocvanine  (PIC)  and  thiapyrylium  (TPY)  dyes.  Figure  1  shows  the 
optical  spectra  of  these  species  in  monomeric  and  aggregated  form  embedded 
m  the  polymer  polycarbonate  (3j.  In  both  cases  a  substantial  red-shift  and 

narrowing  of  the  aggregates’  spectrum  is  observed. 

The  emission  spectrum  of  the  PIC  aggregate1  is  also  vorv  simple:  just  one 

line  in  near  coincidence  with  the  origin  absorption.  A  femiose.  ond 

stochastic  accumulated  photon  echo  study  for  excitation  into  the  origin  of 


wavelength  (nml  wavelength  Irm) 

Figure  1.  Low-temperature  absorption  and  emission  spectra  of  PlO-lii  left  • 
and  IPY-ClOj  (right)  in  polycarbonate:  moiioinei  absorption 

( - ).  aggregate  absorption  l - i  and  aggregate  emission  i 
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a  PIC-Br  sample  held  at  1.5  K  yields  an  echo  lifetime  of  8  ps.  In  addition 

a  mild  temperature  dependence  of  the  echo  decay  is  found  (4 J,  indicative  of 

week  electron-phonon  coupling.  The  conclusion  is  that  optical  excitation  in 

the  origin  region  creates  an  exciton  with  a  small  wavevector,  which  is 
scattered  by  lattice  phonons.  The  short  lifetime  is  due  to  a  combination  of 

an  ultrafast  radiative  [4]  and,  possibly,  a  radiationless  (internal 
conversion)  process.  When  the  fluorescence  quantum  yield  is  known,  the 
radiative  lifetime  of  the  aggregate  can  be  calculated,  from  which,  in  turn, 
the  number  of  coherently  coupled  monomers  can  be  obtained. 

The  spectroscopy  and  dynamics  of  the  TPY  aggregate  are  very  different. 

The  emission  spectrum  is  as  broad  as  the  absorption  one,  but  red-shifted  by 

about  1500  cm'1.  This  observation  indicates  a  case  (B)  of  strong 

electron-phonon  coupling.  In  complete  agreement  with  this  we  found  a  photon 

echo  signal  only  near  2ero  probe  delay  time.  This  signal  is  assigned  to  the 
decay  of  the  coherently  excited  phonon  side-band  in  the  TPY  aggregate. 

Fluorescence  lifetime  measurements  hint  at  the  presence  of  two  components 

in  the  emission:  one  fast  (<  0.5  ns)  and  the  other  slow  (ca.  2  ns). 

Pump-probe  experiments  at  different  wavelengths  confirmed  the  presence  of 
these  two  components;  one  decaying  with  a  45  ps  the  other  with  a  2  ns 

lifetime.  Figure  2  shows  two  typical  pump-probe  signal  traces.  We  propose 

that  the  fast  decay  in  the  upper  trace  is  due  to  decay  of  the  optically 

prepared  excitonic  k-state  in  the  TPY  aggregate  and  that  the  slow  decay  is 

due  to  a  polaron  formed  by  trapping  of  the  exciton.  It  is  clear  that  this 

exciton-polaron-transition  model  requires  the  ‘slow’  polaron  emission  to 

exhibit  a  rise  time  concurrent  with  the  decay  time  of  the  -fast’  excitonic 

one.  The  lower  trace  in  Fig. 2  shows  a  pump-probe  signal  that  fits  this 
requirement  at  an  excitation  wavelength  where  the  exciton’s  pump-probe 

signal  cancels  due  to  the  combined  effect  of  absorption  loss  by  the  ground 

state  and  a  corresponding  gain  by  the  excited  state. 

In  conclusion,  we  suggest  that  dynamical  exciton-polaron  transitions  in 
aggregates  will  be  regularly  found  in  systems  where  optical  excitation 

leads  to  a  substantial  change  of  the  electron  distribution  in  the  excited 

state. 


Figure  2.  Pump-probe  response 
of  TPY -CIO.,  aggregates  at 
1.5  K;  excitation  and  probe 

wavelength  is  675  nm  (upper) 
and  680  nm  i lower)  trace.  The 
smooth  lines  in  both  traces 

are  fits  with  response  times 
of  45  ps.  The  dotted  line 

represents  the  pulse  auto¬ 
correlation  trace. 


probe  delay  Ips) 
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Abstract  -  Results  on  the  ultrafast  relaxation  dynamics  of  large  molecules 
and  nonequilibrium  carriers  in  GaAs  and  related  compounds  and  structures 
obtained  using  optical  correlation  spectroscopy  and  time-resolved  hot- 
luminescence  spectroscopy  are  reviewed.  This  is  followed  by  discussions  of 
recent  experiments  on  wavelength-resolved  quantum-beats  in  dye  molecules 
and  the  generation  of  femtosecond  laser  pulses  in  the  ultraviolet. 

INTRODUCTION 

There  are  two  basic  approaches  to  the  study  of  ultrafast  relaxation 
dynamics  in  condensed  matter:  polychromatic  experiments  and  monochromatic 
experiments.  In  the  monochromatic  experiments,  pump  and  probe  pulses  at 
the  same  wavelength  are  used.  The  delayed  probe  pulse  measures  the  relaxa¬ 
tion  dynamics  of  the  carriers  out  of  the  initially  excited  states.  In 
polychromatic  experiments,  typically  the  sample  is  first  excited  by  a  short 
femtosecond  laser  pulse.  The  final  states  the  system  relaxes  to  are  then 
studied  with  a  wavelength-shifted  probe  continuum.  These  two  basic 
approaches  provide  complementary  information  needed  to  completely  charac¬ 
terize  the  relaxation  dynamics  of  the  system  following  femtosecond  photoex¬ 
citation.  The  monochromatic  experiments  provide  complete  information  on 
the  relaxation  dynamics  of  the  initially  excited  states  whereas  the 
polychromatic  experiments  provide  information  on  the  final  states  that  are 
accessible  to  optical  probing.  Not  all  the  final  states  the  system  relaxes 
to  initially  are  accessible  to  optical  probing,  however.  In  GaAs  excited 
by  2  eV  photons,  for  example,  the  dominant  scattering  mechanism  from  the 
initially  excited  states  is  deformation-potential  scattering  into  the 
satellite  valley  states  that  are  not  directly  connected  by  optical  transi¬ 
tion  from  the  valence  band  states.  The  dynamics  of  this  relaxation  channel 
can  only  be  studied  optically  by  probing  the  initially  excited  states 
through  monochromatic  experiments. 

U_.  RELAXATION  DYNAMICS  OF  NONEQUILIBRIUM  CARRIERS  IN  SEMICONDUCTORS 

In  the  case  of  GaAs  and  related  compounds,  a  fairly  consistent  and 
complete  picture  of  the  relaxation  dynamics  of  carriers  out  of  the  ini¬ 
tially  excited  states  is  now  available  based  upon  extensive  optical 

1  -5 

transmiss ion-correlation  spectroscopy  and  pump-probe  studies  .  Much  of 
these  results  have  now  been  substantiated  by  other  independent  experiments 

and  by  extensive  Monte-Carlo  calculations^. 

In  transmission  spectroscopy  the  measured  correlation  trace  y(t) 
beyond  the  range  where  a  coherent-artifact  might  be  present  is  expressed  as 
a  sum  of  damped  exponentials  with  amplitudes  a-  and  time  constants  T  .  The 

number  of  terms  and  the  amplitude  and  time  constant  of  each  term  are  then 

i 

determii.  d  using  the  linear-prediction  least-squares  fitting  procedure' 
with  no  preprocess ing  of  the  data  required.  The  results  are  summarized  in 
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Table  I  -  Summary  of  decay  parameters  for  photoexcited  carriers  in 

semiconductors.  Amplitudes  are  normalized  so  that  y(t=0)=1. 


y(t)  *  2  a,  expC-t/Tj) 


Material 

Polariaatioa 

a 

T  (fa) 

pmlU 

0.15 

40-45 

0.10 

120-150 

0.05 

1300-1700 

GtAl 

puilU 

101 

32-37 

0.09 

140-260 

All 

1600-1900 

MQW 

pmltd 

1.67 

43-4* 

■0.67 

1500-3000 

Table  I.  The  relaxation  times  depend  weakly  on  carrier  density.  The  range 
of  values  given  in  the  table  corresponds  to  carrier  densities  between 

17-1  IQ  .7 

7x10  '  cm  and  10  cm  . 

There  are  several  notable  features.  In  all  the  cases  studied,  there 
is  a  fast  relaxation  component  on  the  order  of  40  fs  and  a  long  component 
on  the  order  of  a  picosecond  or  longer.  This  fast  component  is  due  mainly 
to  inter-valley  scattering  to  the  satellite  valleys  and  to  a  lesser  extent 
to  carrier-carrier  scattering.  The  ratio  is  roughly  2:1  based  on  experi¬ 
ments  involving  temperature-tuning  the  band-gap  of  AlGaAs^.  The  precise 
physical  origin  of  the  long  component  is  not  yet  clear. 

In  addition,  in  GaAs  or  Al^Ga-j  xAs  bulk  materials,  there  is  an  inter¬ 
mediate  component  on  the  order  of  150  to  200  fs  (see  Table  1).  This  is  due 
to  optical-phonon  emission  in  the  central  valley.  There  is  no  such  inter 
mediate  component  in  the  quantum  well  samples  that  we  have  studied.  A  sug- 

O 

gested  explanation  for  the  absence  of  this  component  in  quantum  wells  is 
that  the  corresponding  valence  band  structure  is  very  complicated.  The  net 
result  is  that  the  band  of  optically  excited  conduction  band  states  is  much 
wider  than  the  optical  phonon  energy  of  36  meV;  in  fact  it  can'  be  as  wide 
as  200  meV.  Thus,  optical  phonon  emission  within  the  central  valley  does 
not  remove  the  carrier  from  the  optically-coupled  conduction  banc  states. 

Finally,  in  bulk  GaAs  and  GaAs/AlGaAs  multiple  quantum  we1 Is.  there  is 
a  component  with  a  negative  amplitude  corresponding  to  a  "rising-wing"  com¬ 
ponent  at  nigh  carrier  concentrations.  This  is  due  to  the  dynamic  band¬ 
filling  effect  (or  Burst.ei,,  -Moss  shift),  which  leads  to  a  saturation  of  the 

optical  transition  from  the  split-off  band  .  This  interpretation  was  con¬ 
firmed  by  the  fact  that  the  rising  wing  component  is  missing  in  the  data 
for  Alg  ggGaQ  g^As  for  2  eV  photons.  In  this  case,  direct  optical  transi¬ 
tion  from  the  split-off  band  is  forbidden.  The  rate  of  rise  of  the  wings 
is  1.65  to  2  ps  corresponding  to  the  return  of  the  carriers  from  the  L  and 
X  valleys.  It  peaks  3  to  5  picoseconds  later,  depending  on  the  carrier 
density,  corresponding  to  the  eventual  establ ishment  of  a  quasi-equilibrium 
distribution  near  the  bottom  of  the  central  valley.  Similar  results  were 
obtained  for  quantum  wells,  but  the  carrier  dependence  is  stronger. 

To  confirm  some  of  these  conclusions  based  upon  the  study  of  the  ini¬ 
tially  excited  states,  we  have  also  studied  the  time  dependence  of  the  hot 
luminescence  emitted  by  the  carriers  in  the  central  valley  as  they  relax 
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down  to  the  bottom  of  the  valley.  A  number  of  techniques  are  available  for 
time-resolved  detection  of  luminescence;  among  these,  sum-frequency  genera¬ 
tion,  or  up-conversion,  is  best  suited  for  the  femtosecond  time  domain. 

g 

This  method  was  originally  conceived  for  the  study  of  picosecond  dynamics  , 

and  was  recently  adapted  to  subpicosecond  work  by  Shah  et  al.^.  We  have 
studied  the  time  dependence  of  hot  luminescence  with  an  experimental 
arrangement  which  is  conceptually  similar  to  that  described  in  Ref. 10.  In 
place  of  a  synchronously-pumped  dye  laser  and  one  or  two  stages  of  pulse 
compression,  we  use  the  CPM  dye  laser,  however.  In  addition,  we  employ  a  1 
mm  barium  metaborate  crystal  for  the  up-conversion,  rather  than  lithium 
iodate. 

The  dye  laser  routinely  produces  pulses  of  duration  35-40  fs  at  635  nm, 

Q 

10°  Hz,  and  15-20  mW  in  each  arm.  Figure  1  shows  some  data  recorded.  Data 
shown  in  Fig.  1(A)  were  obtained  from  an  LPE  grown  GaAs  layer  for  which 
carrier  recombination  is  not  quite  complete  in  11  nsec,  the  laser  period. 
A  background  of  thermal  carriers  is  thus  present  at  zero  delay,  which  may 
be  responsible  for  the  unusually  fast  rise  of  luminescence  observed  at  1.65 
eV. 

Iil.  WAVELENGTH-RESOLVED  QUANTUM  BEATS  jN  LARGE  MOLECULES 

Optical  correlation  spectroscopy  has  also  been  used  to  study  the  relax- 

11-16 

ation  dynamics  of  photoexcited  dye  molecules.  As  previously  reported 
light  pulse  induced  coherent  molecular  vibrations  in  a  number  of  dye 
molecules  have  been  seen  for  the  first  time  directly  in  the  time  domain  in 
the  form  of  femtosecond  quantum  beats.  Table  II  summarizes  the  correspond¬ 
ing  amplitudes,  frequencies,  time  constants,  and  phases  for  the  dye 
molecules  studied. 

Coherent  vibrations  of  molecules  in  the  electronic  ground ^state  have 
also  been  seen  in  impulsive  stimulated  Raman  scattering  (ISR5)  .  There  are 

15  17-19 

some  major  differences  between  the  two  effects  '  ,  however.  This  is 

particularly  striking  in  the  case  when  the  quantum-beat  and  ISRS  experi¬ 
ments  are  wavelength-resolved. 


D«lay  (ps)  Energy  (eV) 

Fig.  1  -  (A)  Time-evolution  of  hot- luminescence  from  LPE  GaAs  at  photon 
energies,  1.43  eV  (symbols)  and  1.56  eV  (line).  The  curves  are 
scaled  so  that  the  peak  luminescence  has  a  value  1  at  each  energy. 
The  dotted  line  is  the  cross-correlation  of  the  scattered  laser 
light  from  the  sample  and  the  pump  beam  for  the  up-conversion 
process.  (B)  Luminescence  from  MOCVD  grown  GaAs  sample  at  500  fs 
delay.  Initial  carrier  density  is  7X101'  cm"3. 
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Table  II  -  Summary  of  decay  parameters  for  photoexcited  dye  molecules. 
The  amplitudes  are  normalized  so  that  y(t=0)=1. 


y(t)  =  Z  a;  expC-t/Tj)  cos(27tvt  +  $.) 


Molecule 

a 

T  (fs) 

v(THz) 

O(deg) 

Malachite  Green 

0.58 

7  S 

0.36 

4800 

0.06 

205 

6.60 

11 

Ethyl  Violet 

0.60 

120 

033 

1700 

0.07 

380 

6.45 

7 

Methyl  Violet 

0.55 

39 

0.23 

2650 

0.19 

150 

0.03 

280 

6.40 

7 

Victoria  Bloc 

0.57 

30 

031 

10000 

0.1 1 

105 

0.01 

190 

6.14 

13 

Methylene  Slue 

0.98 

27 

0.01 

1470 

0.002 

380 

7.7 

2 

DODO 

0.47 

185 

0.87 

5 

0.32 

1050 

0.09 

370 

6.35 

3 

0.07 

300 

161 

9 

003 

180 

8.17 

93 

0.02 

500 

5.00 

8 

Nile  Blue 

0.72 

43 

020 

*00 

00* 

180 

486 

[40 

0.02 

490 

306 

87 

0.006 

560 

500 

12 

0.005 

405 

139 

144 

0.005 

4300 

116 

21 

0.0007 

4700 

6.96 

73 

00004 

3900 

9.12 

93 

0.0003 

11500 

10.6 

27 

In  wavelength-resolved  transmission  spectroscopy,  the  correlation  trace 
is  taken  through  a  monochromator  instead  of  directly.  The  key  difference 
observed  is  the  following.  In  the  I SRS ,  the  molecular  vibration  is  sine¬ 
like  and  the  modulation  of  the  Raman  scattered  light  on  the  Stokes  side  is 

180®  out  of  phase  from  that  on  the  anti-Stokes  side.  In  the  case  of  quan¬ 
tum  beats,  the  modulation  on  the  probe-pulse  due  to  the  molecular  vibra¬ 
tions  is  always  nearly  cosine-like  and  in  phase  as  shown  in  Figure  2.  A 
theoretical  explanation  for  this  is  given  in  Ref's  18  and  19. 


_IV.  FEMTOSECOND  UV  PIJLSE  GENERATION 

Almost  all  current  results  on  ultrafast  processes  are  derived  from  fem¬ 
tosecond  lasers  in  the  visible  or  near  infrared.  There  is  a  clear  need  to 
extend  the  wavelength  range  of  hiqh  repetition  rate  femtosecond  pulses  into 

op 

the  ultraviolet.  We  report  here  an  intra-cavity  doubling  experiment 
using  the  new  nonlinear  optical  crystal  beta-barium  metaborate  ( BBO )  that 
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Fig.  2  -  Comparisons  of  measured  trans¬ 
mission  correlation  traces  for 
ethyl  violet  resolved  at  various 
pairs  of  wavelengths  separated 
by  215  cm'l .  All  traces  are 
cosine-1  ike. 


0  400  800  1200  0  400  800  1200 
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results  in  nearly  complete  recovery  of  the  normal  visible  fundamental  out¬ 
put  power  in  the  form  of  femtosecond  uv  pulses  at  the  second  harmonic. 

The  basis  for  our  work  is  a  Rh6G-D0DCI  dispersion-compensated  CPM  ring 
dye  laser  with  the  output  coupler  replaced  by  a  high  reflector.  A  third 
intracavity  focus  is  obtained  by  using  two  r=10  cm  dichroic  mirrors  in  a 
"Z"  configuration.  A  55  u  thin  BBO  crystal  was  used  for  intracavity 
second-harmonic  generation  and  a  85  u  BBO  crystal  was  used  for  cross¬ 
correlation  measurement  between  the  generated  uv  pulse  and  the  630  nm  fun¬ 
damental  pulse.  Figure  3  shows  the  measured  cross-correlation  trace.  43 
a 

fs  uv  pulses  at  10''  Hz  rate  with  3  mW  per  laser  arm  were  obtained  using  49 

p 

fs  sech  red  pulses.  This  technique  should  be  applicable  to  frequency¬ 
doubling  of  3ny  existing  femtosecond  dye  laser,  thus  expanding  the  avail¬ 
able  wavelength  range  of  ultrashort  pulses. 


400  Fig.  3  -  Cross-correlation  trace  of  a  43  fs 
uv  pulse  with  a  49  fs  red  pulse. 
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Coherent  Time-  and  Frequency-Domain  Spectroscopy 
with  a  Picosecond  Distributed  Feedback  Dye  Laser 
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A  broadly  and  continuously  tunable  picosecond  distributed  feedback  dye  laser 
system  (DFDL),  specifically  designed  for  coherent  time-domain  spectroscopy,  has 
been  developed  in  our  laboratory  [1].  The  dye  laser  source  produces  a  single, 
Fourier-transfcrm  limited  pulse  with  an  average  duration  adjustable  between  1.6 
and  35  ps  when  pumped  by  a  20  ps  second  harmonic  pulse  produced  by  a  mode- 
lucked  Nd/YAG  laser.  DFDL  pulse  width  is  determined  by  the  length  of  the  pumped 
region.  The  very  low  background  and  duration/frequency  agility  of  this  source  make 
it  ideally  suited  to  the  investigation  of  weak  or  drowned  Raman  features 
inaccessible  to  classical  time-resolved  CARS  methods  Dynamic  measurement 
rangas  (>  1 01  °),  unprecedented  in  picosecond  coherent  spectroscopy,  are 
observed  for  strong  Raman  lines. 

We  have  applied  our  new  laser  system  to  the  study  of  the  coherent  behavior  of 
the  carbon  -  13  isotopic  satellites  (I.  and  l+  at  1252  cm-1  and  1369  cm  1 
respectively)  of  the  two-vibron  bound  states  (Q.  and  Ci+  at  1277  cm*1  and  1384 
cm-1  respectively)  in  crystalline  carbon  dioxide.  The  principal  transitions  of  this 
Fermi  doublet  have  been  extensively  investigated  [2,3]  but  until  now  their  isotopic 
companions  have  remained  out  of  reach,  due  to  their  proximity  to  the  parent  states 
(=  20  cm-1)  and  their  relatively  feeble  Raman  cross-section  (1%  in  the  natural 
crystal).  Figure  1  shows  a  time-delayed  CARS  excitation  spectrum  of  the  £2+  region 
of  C02  solid  at  a  temperature  of  78K.  Excitation  frequencies  (durations)  were  532 
nm  (20  ps)  and  =  571  nm  tunable  (35  ps),  and  probing  was  at  545  nm  fixed  (15  ps) 
delayed  by  130  ps.  Anti-Stokes  frequency  selection  was  also  employed  [1].  This 
spectrum  shows  that  the  isotopic  satellite,  l+,  of  £2+,  is  clearly  isolated  from  the  main 
transition  in  our  experiment  and  that  its  dephasing  times  (T2)  may  hence  be 
measured  without  fear  of  contamination  by  its  intense  neighbor,  whereas  in  a  CARS 
spectrum  the  isotopic  line,  with  a  strength  of  only  10  4  of  its  neighbor,  would  be 
drowned  in  the  non-resonant  background. 

Exploiting  the  spectral  isolation  provided  by  the  DFDL  has  enabled  us  to 
measure  coherent  relaxation  times  of  both  L  and  l+  in  the  5  -  130K  temperature 

range.  The  results  for  l+  compared  to  earlier  [2]  and  new  measurements  for  £2+ 

show  that  1+  relaxes  more  than  twice  as  slowly  as  £7+  over  the  whole  temperature 
range  investigated  and  that  both  states  possess  a  large  residual  linewidth  at  low 
temperature. 
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UIB.  F  R  E  0  .  C  H  -  t 

Fig.l  -  Time-delayed  (130ps)  coherent  excitation  spectrum  of  1+  region  in  CO;  solid  at  77K 
(with  anti-Stokes  selection) 


toe  1 1  e tip  k  i 

Fig. 2  -  Log  (linewidth)  versus  log  (temperature)  for  the  S2.  (open  rectangles)  and  1.  (full 
rectangles)states. 


In  striking  contrast  (fig. 2),  the  relaxation  times  for  I-  are  identical  to  those  of  the 
parent  £2-  transition,  exhibiting  a  remarkable  quadratic  temperature  dependence  of 
relaxation  rate  over  two  orders  of  magnitude  in  decay  time. 

These  results  for  the  isotopic  satellites  provide  new  insight  into  the  relaxation 
mechanisms  of  two-vibron  bound  states  in  crystals.  The  decay  of  the  states  above 
the  free  two-phonon  quasi-continuum,  which  stretches  from  1305  to  1360  cm1,  can 
be  simply  described  in  terms  of  a  population  relaxation  mechanism  whereby  the  £2+ 
or  l+  state  emits  an  acoustic  phonon  to  access  the  free  two-phonon  band,  leading  to 
a  temperature  dependent  linewidth  F  =  o  (1  +  n),  where  a  is  an  overlap  term  and  n 
is  the  Bose  factor  for  high  density  of  state  phonons  of  energy  -  60  cm1.  This 
expression  describes  well  the  observed  temperature  dependence,  including  the 
low-temperature  intersection,  and  explains  nicely  ihe  difference  in  absolute 
linewidth  as  being  due  to  the  overlap  a,  which  is  very  sensitive  to  the  energy 
position  of  the  state  with  respect  to  the  two-phonon  quasi-continuum. 
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A  population-change  decay  channel  cannot  explain  the  observed  quadratic 
temperature  dependence  for  the  states  below  the  free  two-phonon  band  and  we  are 
led  to  consider  the  pure  dephasing  mechanism  of  [2],  which  gives  an  n(1  +  n)  factor 
in  the  linewidth  expression.  Detailed  calculation,  in  the  framework  of  impurity 
relaxation  theory  using  the  Debye  model  for  the  density  of  states  of  acoustic 
phonons,  gives  the  full  line  in  fig. 2,  in  excellent  agreement  with  experimental 
results.  This  pure  dephasing  calculation,  which  is  insensitive  to  the  frequency  of  a 
given  state,  also  explains,  qualitatively  at  least,  the  identical  relaxation  times 
observed  for  £2.  and  L 

We  conclude  empirically  that  bound  state  and  isotopic  impurity  relaxation  in 
crystalline  carbon  dioxide  can  be  treated  on  the  same  footing.  This  can  be 
understood  if  one  recalls  that  the  £1.  and  £1+  levels  are  practically  undispersed  and 
hence  the  bound  state  can  be  represented  to  a  good  approximation  as  a  sum  over 
co,  and  20^  molecular  states.  Otherwise  expressed  this  means  that  the  bound  states 
in  C02  are  "impurity-like".  This  approach  also  allows  one  to  hypothesise  that  the 
dramatic  difference  in  relaxation  mechanism  between  the  "plus"  and  "minus"  states 
may  be  due  to  their  different  composition. 

We  further  conclude  that  our  DFDL  system  allows  the  achievement  of 
unprecedented  sensitivity  and  selectivity  in  time  and  frequency-domain 
spectroscopy  and  anticipate  numerous  applications  and  developments  of  this 
technology. 
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Raman  Quantum  Beats  Obtained  by  Impulsive  Stimulated 
Raman  Scattering  Close  to  an  Electronic  Resonance 

J.  Chesnoy  and  A.  Mokhtari 

Laboratoire  d’Optique  Quantique  du  CNRS, 

Fxole  Polytechnique,  F-91 128  Palaiseau  Cedex,  France 


Coherent  excitation  of  a  Raman  active  vibration  can  be  achieved  with  a  single  light 
pulse  when  its  duration  is  shorter  than  the  vibrational  period  of  the  mode.  This  so- 
called  impulsive  stimulated  Raman  scattering  (ISRS)  and  the  ensuing  Raman 
quantum  beats  were  first  observed  by  the  transient  induced  grating  technique  [1]. 
More  recently,  vibrational  quantum  beats  were  also  observed  in  dye  molecules  by 
transient  induced  absorption  measurements  [2],  Here,  we  report  additional  features 
of  these  quantum  beats  in  a  similar  dye  molecule,  malachite  green  in  solution, 
using  different  pump-probe  techniques. 

The  experiments  were  performed  with  a  femtosecond  dye  laser  described 
previously  [3].  Following  a  single  beam  excitation,  we  have  analysed  the 
polarisation  rotation  and  ellipticity  change  experienced  by  a  delayed  probe  beam. 
In  addition  to  these  measurements  of  transient  induced  dichroism  and 
birefringence,  we  have  developed  an  experimental  configuration  to  analyse  the 
frequency  modulation  (spectral  shift)  of  the  probe  beam  as  well  as  its  amplitude 
modulation  (time  delay  shift).  See  Fig.  1 . 

In  all  these  experimental  configurations,  we  observe  small  amplitude 
oscillations  superimposed  on  a  large  background  originating  from  saturated 
absorption  and  dispersion  decays  (Fig. 2).  A  new  technique  was  developed  to 
analyse  these  damped  oscillations  with  improved  signal  to  noise  ratio  [4], 

We  can  interpret  these  observations  in  'erms  of  ISRS  on  the  220  cm-'  breathing 
mode  of  the  thriphenylmethane  dye  close  to  an  electronic  resonance.  Our 
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Fig.  1 

The  probe  pulse  is  focused  on  the 
excited  spot  after  a  variable  delay  with 
a  polarisation  at  45  degrees  from  the 
pump  polarisation.  The  polarisation 
sensitive  analysis  of  the  probe  beam  is 
performed  following  the  four  schemes 
detailed  beside.  Analysis  of  the  rotation 
and  ellipticity  of  the  polarisation  gives 
access  to  the  induced  birefringence 
and  dichroism  (top).  Polarisation 
analysis  of  the  dispersed  beam  gives 
access  to  the  differential  frequency 
modulation  and  amplitude  modulation 
(bottom) 
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Time-resolved  dichroism  and  birefringence  (top)  are  observed  on  malachite  green 
dissolved  in  water.  Ultrafast  beats  are  superposed  on  the  relaxational  decays,  and 
are  experimentally  extracted  for  each  observation.  At  the  bottom,  similar  results  are 
obtained  by  detecting  frequency  modulation  as  well  as  amplitude  modulation  of  the 
probe  beam.  These  four  observations  follow  the  detection  schemes  depicted  in  Fig.  1 


observations  show  the  main  trends  of  resonant  ISRS  such  as  the  joint  observation 
of  an  absorptive  effect  in  addition  to  pure  dispersive  manifestations.  Vibrations  in 
the  ground  electronic  state  are  involved  to  the  same  extent  as  vibrations  in  the 
excited  state  and  both  are  experimentally  separated  as  is  seen  qualitatively  in  Fig. 2 
in  view  of  the  different  damping  constants  of  the  observed  oscillations.  Identical 
behaviours  of  the  observed  vibrational  decays  are  observed  for  malachite  green  in 
different  solvents. 

The  origin  of  our  experimental  signal  is  the  modulation  of  molecular  polarisabi- 
lity  a  and  absorption  cross-section  a  by  the  vibrational  oscillation  with  amplitude  Q, 
in  the  ground  (g)  and  excited  (e)  electronic  states.  The  variation  of  the  aosorption 
coefficient  AT  and  index  of  refraction  An  are  given  by 

60  60 

Af(t)  =  - — -Q„  (t)  +  — -  Qc(t) 

5q  5q 


And)  =  — -  Q„  (t)+— Qc(t) 

5q  Sq 

where  q  is  the  individual  vibrational  amplitude  and  Q  the  macroscopic  vibrational 
coherence. 

Our  observations  are  interpreted  m  the  framework  of  a  time  dependent  density 
matrix  expansion  to  third  order  in  the  fields  that  allows  a  description  of  the  ISRS 
excitation  and  probing  of  a  simple  vibronic  system  [5,6]  :  far  from  resonance,  ISRS 
can  be  described  in  a  way  analogous  to  the  percussional  excitation  of  a  classical 
oscillator  (Qg  oscillating  in  time  as  sin  wt).  In  contrast,  when  the  resonant  regime  is 
approached,  vibrational  oscillations  occur  both  in  the  ground  and  excited  electronic 
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Fig. 3 

Classical  picture  of  the  impulsive  stimu¬ 
lated  Raman  excitation  of  a  vibronic 
system  at  resonance.  Following  the  ul¬ 
trafast  optical  excitation  at  energy  hco0. 
an  off-equilibrium  vibrational  amplitude 
is  coherently  excited  in  Si  and  begins 
to  oscillate  in  cos(cot)  where  co  is  the 
vibrational  frequency.  Correspondingly 
a  hole  is  burnt  in  the  vibrational  ampli¬ 
tude  for  So  and  begins  to  oscillate  in 
the  same  way.  A  treatment  of  the 
quantum  system  by  density  matrix 
expansion  at  third  order  in  the  fields 
permits  the  picture  of  ISRS  to  be  refined 


states.  When  the  resonance  is  approached,  Qg  (in  the  ground  state)  evolves  from 
sin  cot  to  cos  cot  at  exact  resonance.  Qe  (in  the  Si  electronic  state)  is  excited  only 
close  to  resonance  and  evolves  with  time  following  cos  cot.  (Fig.  3) 


References 

1  -  Y.X  Yan,  E.B.  Gamble  and  J.A.  Nelson,  J.  Chem.  Phys.  83,  5391  (1985) 

2  -  M.J.  Rosker,  F.W.  Wise  and  C.L.  Tang,  Phys.  Rev.  Lett.  57,  321  (1986) 

3  -  J.  Chesnoy  and  L.  Fini,  Opt.  Lett.  11, 635  (1986) 

4  -  J.  Chesnoy  and  A.  Mokhtari,  Rev.  Phys.  App.  22,  1743  (1987) 

5  -  M.  Mitsunaga  and  C.L.  Tang,  Phys.  Rev.  A35,  1720  (1987) 

6  -  A.  Mokhtari  and  J.  Chesnoy,  Europhys.  Lett.  5,  523  (1988) 

J.  Chesnoy  and  A.  Mokhtari,  accepted  by  Phys.  Rev.  A. 


368 


r 


Picosecond  Pump-Probe  Interferometry 
of  Nonlinear-Refractive  Materials 
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Materials  with  significant  refractive  nonlinearity  and  ultrafast  response  are 
receiving  intensive  investigation  currently.  This  is  motivated  by  the  interest  in 
optical  bistability  and  nonlinear  guided-wave  optics,  both  of  which  are  aimed 
towards  the  development  of  all-optical  switching  devices.  In  some  materials,  such 
as  semiconductors  and  organics,  the  nonlinearity  is  enhanced  by  utilising 
resonances,  and  in  this  case  the  nonlinear  refraction  is  accompanied  by  an 
absorptive  nonlinearity .  f  ^ 

Two  types  of  measurements  arc  commonly  used  to  investigate  the  resonant 
optical  nonlinearity  of  materials  with  ultrafast  time  resolution:  Pump-probe 
transmission  experiments  directly  measure  the  induced  absorption  change  Ao, 
whilst  degenerate  four-wave  mixing  yields  a  signal  proportional  to  the  squared 
modulus  of  the  third-order  susceptibility  X(3)  so  that  the  absorptive  and  refractive 
nonlinearities  are  indistinguishable.  I3'  This  ambiguity  is  significant  in  the  case  of 
resonant  nonlinearities  because  the  argument  of  the  complex  quantity  X*3'  is 
dependent  on  the  detuning  from  resonance,  and  moreover  the  relaxation 
dynamics  for  the  real  and  imaginary  parts  of  the  nonlinear  response  need  not  be 
directly  equivalent. 

Here  we  describe  a  new  technique  which  allows  the  induced  refractive-index 
change  to  be  measured  unambiguously,  with  ultrafast  time  resolution  and  with 
absolute  calibration,  in  both  magnitude  and  sign.  The  technique  can  be  used  with 
bulk  materials,  and  is  also  well  suited  to  monomode  waveguide  geometries.  We 
report  measurements  on  semiconductor-doped  fibres,  which  exhibit  large 
optically-induced  phase  shifts  with  relaxation  times  as  fast  as  ~10  ps.  Comparison 
with  pump-probe  absorption  measurements  made  under  identical  conditions 
reveal  marked  differences  between  the  relaxation  behaviour  for  the  absorptive 
and  refractive  components  of  the  optical  nonlinearity.  The  phase  of  the  material 
response  is  thus  shown  to  be  time-dependent,  as  well  as  frequency-dependent. 

In  the  experimental  arrangement  (shown  in  Fig.l)  the  output  from  a  mode- 
locked  laser  is  divided  into  three  beams.  The  probe  and  reference  beams  form  a 
modified  Mach-Zehnder  interferometer,  in  the  probe  arm  of  which  the  sample  is 
located.  The  optical  path  lengths  of  these  two  beams  are  equalised  and  fixed  so 
that  spatial  interference  fringes  are  produced  at  the  final  beam-splitter.  The  fringe 
positions  are  detected  using  bi-cell  detectors  together  with  appropriate  sum-  and 
difference-amplifiers  and  analogue-divider  circuitry.  The  pump  beam,  which  is  at 
least  ten  times  more  intense  than  the  probe,  also  passes  through  the  sample.  The 
refractive-index  change  so  induced  causes  a  fringe  shift,  which  is  measured  as  a 
function  of  pump-probe  pulse  time  delay  Ar.  The  pump  beam  is  polapsed 
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Figure  1:  Experimental  arrangement 


orthogonally  to  the  probe  and  reference  beams  and  makes  no  direct  contribution 
to  the  observed  fringe  pattern  —  any  residua!  coherent  artifacts  at  Ar~0  are 
nulled  by  rapid  pump-beam  phase  modulation  produced  by  vibrating  mirror  M2. 
The  interferometer  is  stabilised  actively  to  compensate  for  long-term  drift  and  to 
suppress  low-frequency  fluctuations  of  the  fringe  pattern.  The  limit  of  resolution, 
using  lock-in  detection,  is  equivalent  to  an  optically-induced  fringe  shift  of 
~ A/ 1000.  The  absolute  calibration  of  the  induced  refractive-index  changes,  in 
sign  and  magnitude,  is  made  by  direct  comparison  with  the  fringe  shift  produced 
by  a  mechanically-controlled  path-length  change  in  the  interferometer.  The 
technique  has  been  tested  by  observing  the  induced  refractive-index  change  in 
short  (~25-50  mm)  lengths  of  monomode  silica  fibre;  the  measured  nonlinear 
refraction  coefficient  n2=-i-2.5xl0  'TO  m2^1  is  in  good  agreement  with 
previously-reported  values.  ^ 

The  lower  part  of  Figure  2  shows  the  measured  refractive-index  change  An  in 
a  10  mm-long  monomode  fibre  doped  with  CdSxSe!_x  semiconductor 
microcrystals.  '  '  '  The  measured  values  are  shown  as  a  function  of  time  after 
excitation  by  a  4  ps  pulse  of  energy  120  pJ  at  a  wavelength  (610  nm)  in  the 
absorption  band-tail.  The  peak  An  is  —  1.5x10  and  the  negative  sign  is 

consistent  with  the  model  of  electronic  band-filling.  The  initial  relaxation  time  is 
typically  10—20  ps,  and  is  followed  by  a  slower  decay  of  several  hundred 
picoseconds. 

By  a  minor  rearrangement,  the  apparatus  shown  in  Fig.l  can  be  used  to 

measure  the  sample  transmission  change  AT  as  a  function  of  pump-probe  time 
delay  At.  Thus  the  relaxation  behaviour  of  the  absorptive  and  refractive 
nonlinearities  of  a  particular  sample  can  be  directly  compared  under  identical 
conditions.  The  upper  part  of  Fig. 2  shows  AT  normalised  to  the  low-intensity 

transmission  T0  .  A  small  increase  in  transmission  at  Ar~0  (perhaps  due  to 

band-filling)  is  dominated  subsequently  by  a  larger  increase  in  absorption  which 
exhibits  a  relatively  slow  recovery  (pulse  repetition  period  0.26  ps).  These 
observations  suggest  that,  under  the  conditions  of  the  measurements,  the  nonlinear 
refractive  index  (unlike  the  induced  absorption)  is  dominated  by  the  faster 
electron^  contribution. 
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Figure  2:  Measured  transmission  change  A  T  and  induced  refractive  index  An  in  a 
10  mm-iong  semiconductor-doped  optical  fibre  as  a  function  of  time  delay  after 
excitation  with  a  4  ps  pulse 


Under  different  conditions  we  have  observed  unusual  time-dependent  effects 
which  are  believed  to  arise  from  the  interference  between  the  refractive 
nonlinearity  of  the  semiconductor  microcrystals  and  the  much  faster  (and  opposite 
polarity)  Kerr  nonlinearity  of  the  host  glass.  In  continuing  work  the  pump-probe 
interferometric  technique  is  being  applied  to  other  nonlinear  materials  in  both 
bulk  and  waveguide  form. 

We  thank  R  Cecil  for  valuable  technical  assistance  with  fibre  fabrication.  C  N 
Ironside  held  a  BT  Short-Term  Fellowship  (permanent  address:  Department  of 
Electronics  <fc  Electrical  Engineering,  University  of  Glasgow,  Glasgow  G12  8QQ, 
UK).  Publication  is  by  permission  of  the  Director  of  Research  &  Technology, 
British  Telecommunications  pic. 
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It  is  known  that  semiconductor-doped  glasses  have  large  nonlinear  suscepti¬ 
bility  due  to  the  quantum  size  effect  of  semiconductor  micro-crystals  [1], 
Energy  relaxation  time  in  these  materials  has  already  been  measured  under 
various  conditions  of  excess  carrier  energies,  pump  intensities  and  probe 
wavelengths,  and  the  associated  carrier  dynamics  are  being  clarified  [2,3], 
But  the  phase  relaxation  time  T2  has  not  been  measured.  Because  of  the 
ultrashort  nature  of  T2  in  condensed  matters,  its  study  could  effectively  be 
made  by  a  new  approach  of  ultrafast  spectroscopy  with  non-transform-limited 
broadband  light  source  [4]  which  provide  high  time-resolution  even  with  long 
pulse  widths.  Chirped  pulses  as  well  as  incoherent  light  have  been  shown  to 
provide  a  time  resolution  of  the  order  of  light  correlation  time  (nearly  the 
inverse  bandwidth)  in  the  Tp  measurement  by  degenerate  four-wave  mixing 
(DFWM)  [5],  We  report  here  the  first  measurement  of  T2  in  semiconductor 
(CdxSe-|_x) -doped  glasses  by  DFWM  with  broadband  chirped  pulses,  and  its 
dependence  on  the  temperature  and  the  excitation  photon  energy. 

Tunable  broadband  chirped  pulses  were  produced  by  self-phase  modulation 
in  a  6-cm  polarization  preserving  optical  fiber  from  high  power  transform- 
limited  input  pulses,  that  were  generated  by  a  tunable  subpicosecond  dye 
laser  and  amplifier  system  both  pumped  with  a  CW  mode-locked  YAG  laser  and 
YAG  regenerative  amplifier  system  [6].  The  chirped  pulses  have  typically  a 
pulse  width  of  2  ps,  but  a  correlation  time  of  30  fs  corresponding  to  the 
bandwidth  of  20  nm.  The  pulses  divided  into  two  equal-energy  beams  with 
wave  vectors  lq  and  k2  were  delayed  mutually,  and  focused  into  the  sample  by 
a  f=200  mm  lens.  Two  output  signals  with  wave  vectors  k3  =  2kg -k2  and  M 
=  2 kj - kg  were  measured  simultaneously  as  functions  of  the  delay  time.  The 
result  is  called  the  correlation  curve,  whose  decay  and  peak  shift  provide 
information  on  T2  [4,5]. 

First,  the  correlation  curves  of  OFWM  were  compared  for  two  types  of 
incident  light,  the  chirped  pulses  of  2  ps  width  and  the  nearly  tr?nsform- 
limited  pulses  of  30  fs  width  obtained  by  compressing  the  former.  They  have 
nearly  the  same  spectrum  with  a  central  photon  energy  of  2.03  eV.  A  ^olor 
filter  glass  (H0YA  R-64)  at  a  temperature  of  8  K  was  used  as  the  sample. 
The  results  shown  in  Fig.  1(a)  and  (b)  show  that  the  correlation  curves  for 
the  two  types  of  light  sources  exhibit  the  same  features  with  the  same  peak 
shift  between  two  curves  for  the  k3  and  kg  output  beams  and  the  same  decay 
constant  of  0.2  ps,  corresponding  to  the  T2  value  of  0.8  ps.  It  is  there¬ 
fore  confirmed  that  chirped  pulses  provide  essentially  the  same  correlation 
curves  with  the  same  time  resolution  as  those  with  transform-1 imi ted  pulses 
having  the  same  spectrum.  Further,  chirped  pulses  are  advantageous  compared 
with  transform-limited  pulses,  because  they  are  easier  to  generate,  have 
much  higher  power  giving  better  signal  to  noise  ratio,  and  are  not  seriously 
affected  by  material  dispersion. 
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Fig.  1  Correlation  curves  of  DFWM  using  (a)  chirped  pulses  (2  ps)  and  (b) 
nearly  transform-limited  pulses  (30  fs)  with  an  excitation  photon  energy 
Ep  of  2.03  eV.  Solid  line:  k4  beam;  Dotted  line:  kg  beam 


PHOTON  ENERGY  (eV) 
2.4  2.2  2.0 


Fig.  2  Absorption  spectra  of  a  semi¬ 
conductor-doped  glass  (HOYAR-64)  at 
different  temperatures. 


Then,  phase  relaxation  characters  at  various  temperatures  and  excitation 
photon  energies  (Ep)  were  studied.  Relative  position  between  Ep  and  the 
absorption  edge  can  be  found  from  the  absorption  spectra  shown  in  Fig.  2. 

Fig.  3  shows  the  correlation  curves  for  HOYA  R-64  glass  at  different 
temperatures  with  a  fixed  excitation  photon  energy  of  Ep  =  2.07  eV.  The 
peak  shift  increases  as  the  temperature  decreases,  being  13  fs  at  300  K,  21 
fs  at  77  K  and  34  fs  at  30  K.  Although  the  peak  shift  does  not  directly 
give  the  T2  value  due  to  appreciable  contributions  of  other  relaxation 
parameters,  it  still  provides  a  rough  measure  of  T?.  The  result  of  Fig.  3, 
therefore,  indicates  the  decrease  of  Tp  with  temperature.  This  dependence 
is  considered  to  be  attributed  to  the  increasing  scattering  of  excited 
electrons  with  phonons,  and  also  to  the  temperature  dependence  of  the  band 
gap  particularly  above  77  K. 


TIME  DELAY  * 

Fig.  3  Correlation  curves  of  DFWM  using  chirped  pulses  with  Ep  =  2.00  eV , 
showing  the  temperature  dependence,  (a)  300  K,  (b)  77  K,  and  (c)  8  k 
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Fig.  4  Correlation  curves  of  DFWM  showing  excitation  photon  energy  (to) 
dependence,  (a)  Ep  =  2.14  eV,  (b)  Ep  =  2.00  eV 


Experimental  results  with  different  excitation  photon  energy  (Ep  =  > .  •  4 
eV  and  2.00  eV }  at  a  fixed  temperature  of  8  K  are  shown  in  fig.  4.  Disap¬ 
pearance  of  clear  exponential  decay  in  Fig.  4(a)  suggests  that  the  value  of 
Tg  for  E  =  2.14  eV  is  much  shorter  than  that  for  Ep  -  2.00  eV.  In  the 
latter,  the  value  of  Tp  is  determined  to  be  1.0  ps  from  the  decay.  The 
result  is  interpreted  as  follows.  The  phase  relaxation  of  high  energy 
carriers  becomes  fast  due  to  several  kinds  of  perturbation,  such  as  carrier- 
carrier  and  carrier-phonon  interactions  and  reactions  in  surface  states  of 
micro-crystals.  On  the  other  hand,  at  low  excitation-energies  many 
electrons  seem  to  be  excited  to  some  trap  states  and  to  be  subjec4  to  few 
perturbations  giving  much  longer  Tp.  This  interpretation  will  also  be 
supported  by  the  fact  that  the  energy  2.00  eV  corresponds  to  a  luminescence 
peak  originated  probably  from  the  trap  states.  We  also  found  that  two  color 
filters  from  different  manufacturers  having  the  same  absorption  spectrum 
showed  much  different  correlation  curves  of  DFWM  accompanied  by  much 
different  luminescence  properties.  This  may  also  be  attributed  to  different 
situations  of  the  trap  states. 


In  summary,  a  tunable  broadband  chirped-pulse  source  for  femtosecond 
spectroscopy  is  developed,  and  is  applied  to  the  measurement  of  T?  in 
semiconductor-doped  glasses  by  DFWM.  The  chirped  pulses  are  confirmed  to 
give  the  same  information  in  DFWM  as  that  with  transform-limited  pulses  and 
to  be  more  advantageous.  The  temperature  and  excitation-photon-energy 
dependences  of  Tj  are  clearly  found,  and  their  mechanisms  are  discussed. 
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In  recent  years  techniques  of  fast  transient  spectroscopy  Dy 
using  temporally  incoherent  light  have  been  developed,  and  they 
have  been  successfully  applied  to  the  study  of  ultrafast  Jepha- 
sinq  [1)  and  population  recovery  (2)  without  ultrashort  light 
pulses.  As  to  the  time  resolved  luminescence  measurements, 
however,  they  are  not  directlv  applicable  since  the  lt"ve 
techniques  are  baaed  on  the  f our- wa ve-m ix ing  or  sat  ration  of 
absorption  primaril  irrelevant  to  emission  processes.  Thus 
the  possibility  cr  ultrafast  fluorometry  with  an  incoherent 
lioht  is  currently  of  great  interest.  Here  we  present  a  novel 
method  of  fluorometry  with  a  high  time  resolution  using  tempo¬ 
rally  incoherent  light  source. 

The  experimental  set-up  is  shown  in  Fig.1.  This  scheme  is 
basically  of  the  optical  sampling  method  by  frequency  mixing  of 
the  sample  fluorescence  and  the  "gating"  puls>-.  But  here  the 
exicitation  and  the  gating  pulses  are  not  conventional  single 
short  pulses  bu*-  long  pulses  with  a  fast  intensity  fluctuation. 
Then  the  time  resolution  is  determined  by  the  intensity  corre¬ 
lation  time  of  the  fluctuation  much  shorter  than  the  pulse 
width.  Let  the  intensify  autocorrelation  of  the  incident  laser 
pulses  be  expres  >ed  by 

G<  T  >  =G0 (  T ) +R (  :) ,  '  '  > 
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where  G  (  i)  is  a  slowly  varying  part  with  a  width  corresponding 
to  the  laser  pulse  width  t  ,  and  R(r)  is  the  so-called  "noise 
burst"  with  a  width  of  tne  fluctuation  corre '  a  •"  i  on  time  r  c. 
Thr  peak  of  R(t)  is  at  t=0.  After  some  ca leu ’ at  ion ,  the  energy 
E  of  the  frequency-mixed  pulse  emitted  from  the  nonlinear 
cryst'1  is  found  to  be  written  as 


E  a  exp( - t1 


1  2 

^ d Texp ( T/Tf )(G0(T  )+R( H  }, 


(  2  ) 


where  Tf  is  the  fluorescence  decay  time  of  the  sample.  and  - , o 
is  ,ie  delay  time  of  the  gating  pulse  with  respect  to  the 
excitation  pulse.  If  we  assume  that  tc<  <Tj=  <  <  t„,  (2)  is  re¬ 

written  as 

E  «  TfGQ  (  Ti  2  )  +  tcR  *  0  *exp*  "  r1  2^Tf  (i-|2>0’  (3) 

In  (3)  the  fluorescence  dec.y  curve  directly  appears  on  a  broad 
background  GQ.  This  means  that  if  tc  of  the  excitation  light 
is  short,  we  can  obtain  a  hign  time  resolution  regardless  of 
the  excitation  pulse  width. 

In  the  experiment  we  used  a  second  harmonic  light  (532nm)  of 
a  Q-switched  Nd:YAC  laser  as  an  excitation  source.  The  repeti¬ 
tion  rate  and  pulse  widths  were  20  Hz  and  7  nsec,  respectively. 
The  sample  was  DTC  dye  ( 3, 3 1 -d iethy 1 thiaca r bocyanine  iodide) 
dissolved  in  water,  whose  fluorescence  peaks  at  580  nrr .  Fre¬ 
quency  mixing  was  done  in  a  beta  barium  borate  ( BBO )  crystal. 
The  signal  light  was  distinguished  from  the  intense  second 
harmonics  of  the  gating  pulse  at  266nm  by  a  double  monochroma¬ 
tor.  Then  it  was  detected  by  a  photomultiplier  and  fed  into  a 
gated  integrator  while  was  slowly  scanned. 

The  autocorrelation  G(i)  was  first  measured  by  replacing  the 
sample  with  a  plastic  diffuser.  The  result  is  shown  in  Fig. 2. 
From  the  figure  the  correlation  time  is  found  to  be  50  psec , 
much  shorter  than  the  pulse  width.  The  ratio  of  GQ ( 0 )  to  R ( 0 ) 
should  be  1:5  if  the  fundamental  wave  of  the  laser  obevs  the 
Gaussian  random  pro-ess.  Figure  2  reproduces  this  ratio  well. 

A  recorded  decay  curve  for  the  DTC  dye  as  a  function  of 
is  shown  n  Fig. 3.  The  decay  curve  above  the  nearly  flat  bacK- 
ground  is  an  exponential  form  witi.  the  decay  time  of  110  psec. 
This  value  is  in  good  agreement  with  the  one  determined  from  a 
streak  cam jra  measurement  ( T ^  =  1 OOpsec  )  [3],  In  Fig. 3  the  sig¬ 
nal  -  to-background  ratio  is  nearly  equal  to  I  R(0):TfG  (0), 
which  is  expected  according  to  ( 3 ) . 

In  conclusion  we  have  presented  a  new  method  of  time  resol¬ 
ved  fluorescence  measurement  using  temporally  incoherent  light 
pulses.  Here  th~  resolution  time  is  determined  by  only  the 
intensity  correlation  time  of  the  excitation  source,  and  not  by 
the  pulse  width.  This  means  that  a  resolution  time  much  shor¬ 
ter  than  the  excitation  pulse  width  can  be  obtained  also  in  a 
fluorescence  decay  measurement  if  we  use  a  temporally  incoher¬ 
ent  light  and  frequency  mixing  technique.  This  feature  was 
confirmed  in  an  experiment  in  a  dye  solution  as  a  sample  mate- 
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Fig. 2.  Autocorrelation 
trace  of  the  excitation 
laser 
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Fig. 3.  Measured  fluorescence 
decay  curve.  The  broken  line 
is  the  level  of  TfG0*1i2' 


rial,  where  50  psec  resolution  time  was  attained  with  7  nsec 
laser  pulses. 
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Molecular  dynamics  in  transparent  liquids,  such  as  orientational  motion, 
intermolecular  or  i ntramolecul ar  vibration,  can  be  observed  by  time- 
resolved  experiments  such  as  a  transient  grating  or  a  Kerr  gating  measure¬ 
ment  with  femtosecond  optical  pulses  [1,2]  as  well  as  by  frequency-domain 
Rayleigh  scattering  measurements.  We  have  shown  that  incoherent  light,  or 
light  with  broad  bandwidth,  can  be  used  for  the  measurements  of  Kerr  dy¬ 
namics  of  transparent  liquids  by  phase  conjugation  generation  by  degener¬ 
ate  four-wave  mixing  (DFWM)  as  well  as  ultrashort  pulses  and  that  the  time 
resolution  in  these  measurements  is  determined  by  the  correlation  time  of 
the  excitation  incoherent  light  [3].  These  methods,  i.e.,  the  transient 
grating,  the  Kerr  shutter,  and  the  phase  conjugation,  can  be  treated  in  a 
single  point  of  view  and  can  be  used  for  the  measurement  of  Kerr  dynamics 
since  each  of  these  techniques  is  one  of  the  variety  of  transient  DFWM 
[4], 

As  a  general  case  for  the  observation  of  the  Kerr  response  of  liquids 
with  incoherent  light,  we  consider  a  three-beam  scheme  (folded  boxcars 
configuration).  The  three  beams  are  obtained  from  a  single  incoherent 
light  source  and  have  linear  polarization  with  arbitrary  directions.  Two 
of  them  make  a  transient  phase  grating  in  the  transparent  liquids  and  the 
third  probes  it  which  arrives  at  the  sample  with  a  variable  delay  td.  The 
intensity  of  the  emitted  light  is  detected  after  an  analyzer  with  an  arbi¬ 
trary  polarization  direction.  Measurements  performed  in  the  Kerr-shutter 
configuration,  with  one  pump  and  one  probe  beam,  can  be  regarded  as  a 
special  case  of  the  triple-beam  configuration,  where  the  two  pump  beams 
become  the  same  one. 

The  third-order  polarization  which  is  responsible  for  the  DFWM  signal 
is  expressed  as 

P(3)(t)  =  Stdt,r(t-t')[  E(t-td)E*(t')E(t')  +  gE(t)E*(t')E(t'-td)  ].(1) 

-0* 

Here,  r(t-t')  is  the  temporal  response  function  of  the  Kerr  effect.  The 
second  term  in  the  equation  describes  the  coherent  coupling  of  the  pump 
and  the  probe  beams,  and  the  factor  g  is  determined  by  the  tensor  elements 
of  the  response  function  and  the  polarization  planes  of  the  three  excita¬ 
tion  beams  and  the  analyzer  between  the  sample  and  the  detector. 

When  the  correlation  time  of  the  incoherent  light,  which  determines  the 
time  resolution,  is  much  shorter  than  the  relaxation  time  of  the  Kerr 
response,  the  signal  intensity,  which  is  the  square  of  the  polarization 
amplitude,  is  expressed  as  a  function  of  the  delay  time  td  as 
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I(td)  =  1  +  g(g+2)  |f(td)|  2  +  (2tc/TKerr)exp(-td/TKerr).  (2) 

with  the  third  term  vanishing  for  negative  td.  Here  f(t)  is  the  autocor¬ 
relation  function  of  the  field  amplitude  normalized  at  td=0,  tc  is  the 
correlation  time  of  the  light,  and  TKerr  is  the  relaxation  time  of  the 
Kerr  response  when  it  is  assumed  as  exponential.  The  first  term  in  the 
r.h.s.  gives  a  constant  background,  the  second  one  is  a  coherence  spike, 
which  only  reflect  the  coherence  of  the  light,  and  the  third  term  gives 
information  about  the  dynamics  of  the  liquid  molecules. 

Owing  to  the  large  spike  which  appears  due  to  the  coherent  coupling, 
the  fast  behavior  of  the  Kerr  response  may  be  obscured.  We  find,  however, 
the  coherence  spike  can  be  eliminated  or  even  made  negative  by  controlling 
the  polarization  of  the  excitation  beams.  Data  obtained  with  carbon 
disulfide  are  shown  in  the  figure.  The  spike  intensity  is  largest  (g=l 
for  Fig.  a)  when  the  polarization  directions  are  all  parallel.  On  the 
other  hand,  with  Kerr  shutter  configuration  the  ratio  of  the  spike  inten¬ 
sity  to  the  decaying  part  becomes  much  smaller  than  that  with  parallel 
polarization  (g=l/6  for  Fig.  b),  and  negative  spike  appears  with  a  certain 
combination  of  the  polarization  (g=-2/3  for  Fig.  c). 

We  also  calculated  the  transient  DFWM  with  three  incoherent  beams  for 
the  dephasing-time  measurement,  which  has  the  advantage  of  flexible  opti- 


Delay  0.5  ps  1  Delay^ps) 


Delay  time  dependence  of  signal  intensity  with  carbon  disulfide,  (a)  Data 
obtained  with  all  parallel  polarization  of  three  beams,  (b)  Data  by  Kerr- 
shutter  configuration,  (c)  Data  obtained  with  the  polarization  of  two  pump 
beams  perpendicular  to  each  other,  and  the  polarization  of  the  probe  beam 
parallel  to  one  of  the  pumps  and  that  of  the  analyzer  to  the  other 


379 


cal  arrangement  for  the  detection  of  signal  in  a  special  direction  of 
phase-matching  with  k^=k-j — lt2+*t3'  calculation  we  assume  the  inhomogene¬ 

ous  function  is  Gaussian  with  a  width  6w,  and  the  incoherent  beams  are  in 
6-function  correlation  [5].  In  rotation  wave  coordinate,  the  three  conse¬ 
quent  pump  fields  are  given  as 


E(t,r)  =  E1  (t)exp(ik-]- r)+E2(t+T)exp(ik2- r)+E3(t-T)exp(ik3-r).  (3) 


Here  the  fixed  delay  time  T  is  comparatively  larger  than  T^.  This  means 
the  nonlinear  diffraction  of  E3  through  the  DFWM  process  is  produced  after 
the  transverse  relaxation  of  the  transient  grating  formed  by  the  other  two 
beams  (Ej  and  E3)  with  a  variable  delay  time  x  is  completed. 

The  main  calculated  results  are  shown  as  follows: 

(1)  The  analytical  solution  shows  that  the  total  DFWM  signal  consists 
of  five  groups  as 


I(t.T)  =  I1(t,T)+I2(X,T)+I3(x)+I4(T)+I5. 


(4) 


Here  I4(T)  (independent  of  x)  and  Ic  (independent  of  x  and  T)  are  back¬ 
ground  for  in  detection,  and  I^X.Tj  is  a  continuous  function  oft  while 
I-|(t<0,T)  ana  I^(x>0,T)  have  different  forms.  When  T=0  we  have 
ll(t<0,0)=0,  the  total  signal  I(X,T=0)  is  something  like  the  DFWM  with  two 
incoherent  beams  as  discussed  in  reference  [5]. 

(2)  Numerical  result  shows  the  peak  position  for  the  curve  of  the  total 
intensity  I(x,T)  expressed  by  (4)  versus  delay  time  x  may  be  shifted  from 
the  zero  delay  point.  In  a  practical  case  the  incoherent  pump  spectrum  is 
not  wide  enough  and  thus  the  curve  I(X,T)-6  shows  only  a  coherent  spike 
and  no  tail  can  be  used  to  resolve  the  dephasing  time  T3  in  DFWM.  At  this 
time  the  peak  shifting  can  be  used  to  determine  T3  [4].  In  finite  inhomo¬ 
geneous  broadening  case,  the  shifted  value  Ax  of  the  coherent  spike  is 
found  to  be  related  to  T36w  and  therefore  can  be  used  to  estimate  the 
dephasing  time  To  if  the  inhomogeneous  broadening  width  6w  is  known.  The 
peak  shift  will  disappear  in  two  extreme  cases,  the  extremely  inhomogene¬ 
ous  broadening  (6w  -*oo)  and  the  homogeneous  broadening. 
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Although  the  use  of  incoherent  light  in  the  measurement  of 
dephasing  time  Ta  has  become  rather  common  in  recent  years  [13, 
only  a  few  papers  have  reported  on  the  measurement  of  the 
population  relaxation  time  Ti  by  using  incoherent  light  [2,33. 
In  this  paper  we  report  a  new  method  of  measuring  the 
fluorescence  lifetime  by  using  an  optical  Kerr  shutter  which  is 
gated  with  incoherent  light.  In  this  experiment  the  resolution 
time  is  determined  by  the  intensity  correlation  time  rc  of  the 
excitation  laser  pulse  and  Is  not  limited  by  the  pulse  width. 

A  schematic  diagram  of  the  experiment  is  shown  in  Fig.l. 
The  sample  cell  which  contained  an  ethanol  solution  of  cresyl 
violet  was  excited  by  second  harmonic  light  of  a  Q-swi tched  TAG 
laser  pulse  of  7  nsec  duration  (Spectra  Physics,  DCR-11).  The 
fundamental  light  of  the  same  pulse  was  used  as  the  gate  pulse 
to  the  Kerr  cell  which  contained  CS2,  and  was  plane  polarized 
at  45“  with  respect  to  both  the  polarizer  and  the  analyzer 
whose  polarizations  were  orthogonal  with  each  other.  The 
intensity  of  the  gate  pulse  at  the  Kerr  cell  of  1  cm  pass 
length  was  100  MW/cm2,  and  it  induced  0.4  rad  of  phase  shift  to 
the  signal  light  passing  through  the  cell.  This  corresponds  to 
a  signal  transmission  of  about  4  %  through  the  Kerr  shutter. 

As  the  first  step  to  examine  the  resolution  time  of  the 
system,  we  measured  the  intensity  correlation  S(t)  oc 
< I s ( t  +  T ) 1 o ( t ) 2 >  between  the  second  harmonic  light  I  s  (  t )  and  the 
fundamental  light  Io(t>  of  the  laser  pulse  by  simply  removing 
the  sample  cell  and  the  red  filter  in  Fig.l.  The  measured  curve 
of  S(r)  is  shown  in  Fig. 2  together  with  a  theoretical  curve 
where  the  fundamental  light  was  assumed  to  be  a  Gaussian  random 
noise  with  0.5  cm' 1  of  spectral  width.  Although  the  calculated 
ratio  between  the  peaK  height  to  the  background  height  is  5  to 
1,  the  measured  ratio  is  about  3  to  1.  We  think  this 
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Fig.l  Schematic  diagram  of  the  experiment 
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Fig. 3  Fluorescence  decay  curve  of  cresyl  violet  in  ethanol. 
The  dotted  curve  is  the  calculated  trace  with  160  psec  for  Ti. 


discrepancy  occurred  because  the  output  of  the  YAG  laser  Io(t) 
might  deviate  from  a  Gaussian  random  statistics.  Apart  from 
this  background  ratio.  Fig. 2  clearly  shows  that  we  can  obtain  a 
resolution  time  of  about  30  psec  even  by  using  a  Q-swi  tched 
laser  pulse  of  7  nsec  duration. 

A  decay  curve  of  the  fluorescence  from  the  dye  cell  is  shown 
in  Fig. 3  together  with  a  theoretical  curve  where  fluorescence 
lifetime  Ti  was  assumed  to  be  160  psec.  In  this  case  lasing 
occurred  from  the  dye  cell  upon  excitation  by  the  second 
harmonic  light.  The  fluorescence  lifetime  was  reduced 
considerably  by  the  effect  of  the  induced  emission.  By 
reducing  the  excitation  intensity  to  the  dye  cell,  we  obtained 
a  fluorescence  lifetime  of  several  nanoseconds  with  an  enhanced 
background  level  in  the  decay  curve.  Since  the  ratio  between 
the  peak  height  to  the  background  height  in  the  decay  curve  is 
proportional  to  tc/Ti,  it  is  desirable  to  use  a  laser  whose 
intensity  correlation  time  tc  is  not  too  small  compared  with 
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the  measured  fluorescence  lifetime  Ti,  so  that  a  good  signal  to 
noise  ratio  can  be  obtained.  In  general  the  intensity 
correlation  time  of  a  laser  can  be  easily  controlled  by 
changing  the  spectral  width  of  the  output. 

We  have  demonstrated  that  incoherent  light  can  be 
successfully  used  together  with  an  optical  Kerr  shutter  for  the 
measurement  of  the  fluorescence  lifetime.  The  most  important 
feature  of  this  method  is  that  we  can  very  easily  obtain  a  high 
time  resolution  by  simply  broadening  the  spectral  width  of  the 
excitation  laser  pulse.  In  contrast  to  the  previous  methods  of 
measuring  the  population  decay  time  Ti  by  using  incoherent 
light,  this  method  is  free  from  the  coherent  artifact  which  may 
obscure  the  decay  curve,  and  moreover  it  facilitates  the 
simultaneous  observation  of  the  fluorescence  decay  behavior  of 
the  whole  spectral  region. 
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Recently  a  new  spectroscopic  technique  using  incoherent  light  has  been 
developed,  and  it  has  been  applied  to  measure  the  dephasing  time  To  in 
several  materials  by  degenerate  four-wave  mixing  (DFWM)  [1-3].  The  time 
resolution  of  the  method  is  limited  only  by  the  correlation  time  (T  ),  This 
technique  is  a  type  of  accumulated  photon  echo  which  can  be  heterodyne- 
detected  in  the  same  configuration  as  a  pump-probe  experiment  [4,5],  This 
configuration  has  an  advantage  of  easier  alignment  because  the  signal  and 
the  probe  beams  are  collinear.  Heterodyne-detected  accumulated  photon 
echoes  usually  require  phase-sensitive  detection  using  a  mode-locked  dye 
laser  with  a  high  repetition  rate, and  as  a  result  noise  is  efficiently 
eliminated.  However,  methods  using  a  nanosecond  dye  laser  with  a  low 
repetition  rate  in  the  ordinary  forward  DFWM  configuration  tend  to  suffer 
from  scattered  noise. 

Here  we  propose  a  simple  method  to  study  phase  relaxation  in  the  Kerr- 
shutter  configuration  (Fig.  1).  A  single  incoherent  light  is  divided  into 
two  beams.  One  of  them  (probe  beam)  passing  through  a  polarizer  is  focused 
onto  the  sample  and  is  directed  to  a  detector  through  a  crossed  analyzer. 
The  other  (pump  beam)  is  polarized  45’  with  respect  to  the  probe  beam  and 
focused  at  the  same  point  on  the  sample.  Transmitted  signal  is  detected  as 
a  function  of  the  delay  time  between  two  beams.  So  far  the  Kerr-shutter 
configuration  has  been  applied  to  investigate  the  molecular  dynamics  in 
several  liquids  [6].  For  the  measurement  of  T-,,  elimination  of  the 
excitation  pulses  by  polarization  was  suggested  in  forward  three-pulse  echo 
[7],  We  calculated  the  signal  intensity  profile  as  a  function  of  the  delay 
time  (I)  of  the  probe  beam  with  respect  to  the  pump  beam  and  demonstrated 
that  T2  can  be  obtained  from  the  profile. 

Here,  the  following  three  assumptions  are  made  for  the  incoherent  light 
and  the  system  to  be  studied: 

(i)  extremely  large  inhomogeneous  broadening,  and 
( i  i )  T-|  >>  Tc,  T2,  and 

(iii)  Tc  <<  T2. 


DFWM  in  the  Kerr-shutter 
configuration 
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We  implicitly  assumed  that  the  temporal  pulse  duration  is  long  enough  not  to 
vary  the  population  distribution  of  the  material  too  much.  Using  ultrashort 
pulses,  we  cannot  measure  T2  by  this  method. 

On  assumptions  (1)  and  (ii),  the  kj  component  of  the  third-order 
polarization  is  written  with  the  correlation  function  G(u)  as 

f  t 

P^3^(t)  oc  \  dt'exp[-2(t-t' ) /T ^ ]  (E(t'-X)G(t-t1 )  +  E(t'  )G(t-t'-l))  .  (1) 

The  signal  intensity  is  the  statistical  average  of  | p ( 3 ) | 2  4 
t  pt 

dt'\ds'exp[-2(2t-t,-s' ) /T ^ ] 

(  G( t ' -s 1 )G( s 1 -t)G( t-t 1 )  <-  background 

+  G(t'-s'-X)G(s'-t+t)G(t-t' ) 

<-  cross  terms 

+  G(t'-s'+l)G(t-t' -t)G(s'-t) 

+  G( t 1  — s * )G(t-t'-T)G(s'-t+T)  ).  <-  decay  (2) 

On  assumption  (iii),  G(u)  can  be  replaced  with  6(u).  After  some 
calculations,  we  get  the  normalized  signal  intensity  as  follows: 

I(T)  =  1  (t  <  0) 

0  (3) 

I(i)  =  [1  +  2exp(-2l/T2)]-  (t  >  0)  . 

The  applicability  of  this  method  was  verified  by  measuring  T^  in  cresyl 
violet  doped  in  a  PMMA  film  at  2K.  figure  2  shows  the  experimental  setup. 
An  incoherent  light  source  was  a  broad-band  dye  laser  around  620  nm  pumped 
by  a  ns  excimer  laser.  The  dye  laser  had  no  tuning  elements  [3],  and  Tc  was 
about  170  fs.  A  Babinet  compensator  was  used  to  suppress  the  background. 
By  setting  a  focusing  lens  and  a  pinhole  we  can  detect  selectively  the 
signal  with  high  sensitivity.  The  data  in  Fig.  3  have  two  decay  components. 
The  slower  component  corresponds  to  the  zero-phonon  line  and  can  be  clearly 
seen  only  when  the  excitation  intensity  is  low  enough  as  expected  from  the 
low  saturation  level  of  the  zero-phonon  line. 


Fig.  2:  Experimental  setup  for  T^  measurement  under  the  Kerr-shutter 
configuration 
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Fig.  3:  Delay  time  dependence  of 
the  signal  intensity  obtained  from 
cresyl  violet  doped  in  a  polymer 
film  at  2K 


Fig.  4:  Delay  time  dependence  of 
signal  intensity  at  2K  obtained 
from  CdS  microcrystallites: 
signa1(#);  autocorrel ati on(o ) 


We  investigated  dephasing  in  CdS  microcrystall ites  with  a  mean  diameter 
of  50A  embedded  in  a  polymer  film.  The  excitation  was  resonant  on  the 
exciton  absorption  around  420  nm.  We  successfully  obtained  the  signal  with 
high  S/N  shown  in  Fig.  4,  while  failing  to  detect  the  signal  by  ordinary  two- 
beam  forward  DFWM  with  similar  intensity  excitation.  Clearly  the  signal 
trace  has  a  decay  tail  which  represents  the  dephasing  process,  but 
determination  of  T£  is  in  progress.  Making  use  of  the  present  method,  we 
are  going  to  discuss  the  dependence  of  the  dephasing  in  CdS  micro¬ 
crystallites  on  the  excitation  wavelength,  temperature,  and  particle  size. 
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Although  recent  progress  in  ultrafast  laser  techniques  has  enabled  us 
to  obtain  much  information  about  very  fast  relaxation  phenomena  in  various 
materials,  there  still  exist  problems  in  determining  the  relaxation  para¬ 
meters  in  the  ultrashort  time  range  from  both  experimental  and  theoretical 
points  of  view.  For  example,  it  is  difficult  to  determine  a  very  short 
lifetime  of  an  excited  state  under  weak  excitation.  For  direct  fluores¬ 
cence  decay  measurements  and  also  for  indirect  ground-state  population  re¬ 
covery  measurements,  high-density  excitation  is  needed,  which  often  modi¬ 
fies  relaxation  characteristics.  Further,  it  is  necessary  to  examine  the 
meaning  of  the  phase  relaxation  time  T2,  when  it  is  very  short,  because 
the  non-Markovian  effect  becomes  important. 

In  the  present  paper,  we  show  that  the  conventional  resonance  Raman  and 
luminescence  spectroscopy,  which  needs  only  weak  stationary  light  for  the 
excitation,  provides  detailed  information  about  the  relaxation  parameters 
in  the  pico-  and  femtosecond  time  ranges.  Namely,  it  is  shown  that  a  very 
short  population  relaxation  time  is  obtainable  from  the  intensity  ratio  of 
the  Raman  scattering  to  the  total  secondary  emission  (R/T)  under  resonant 
excitation.  Further,  the  amplitude  and  the  correlation  time  of  the  pertur¬ 
bation  are  shown  to  be  determined  from  the  analysis  of  the  excitation  pro¬ 
files  for  the  Raman  and  luminescence  spectra.  The  values  thus  determined 
are  compared  with  the  relaxation  parameters  obtained  by  the  ultrafast  las¬ 
er  spectroscopy. 


Let  us  consider  dye  molecules  in  solution,  in  which  the  solute  mole¬ 
cules  are  perturbed  by  a  number  of  surrounding  solvent  molecules.  A  sto¬ 
chastic  approach,  in  which  the  perturbation  is  treated  as  a  random  energy 
modulation,  is  considered  to  be  well  applicable  in  this  case.  Then,  under 
the  assumption  of  a  Gaussian-Markovian  process  for  the  modulation,  the  ex¬ 
citation  profiles  for  the  sharp  Raman  line  and  the  broad  fluorescence  band 
can  be  expressed  using  four  parameters;  the  lifetime  of  the  excited  state 
Tj,  inhomogeneous  broadening  D  ,  the  amplitude  D  and  the  correlation  time 
Tc  of  the  energy  modulation  [1J. 


From  the  calculation  based  on  this  model,  it  has  been  found  that  the 
intensity  ratio  of  the  first-order  Raman  line  and  the  sum  of  the  Raman 
line  and  the  corresponding  luminescence  band  under  resonant  excitation  is 
given  by  (R/T)  g  =  2S/(AE^Tj),  where  AE^  is  the  half-width  at  half-maxi¬ 
mum  (HWHM)  of  the  absorption  spectrum  without  the  inhomogeneous  broadening 
and  S  is  a  numerical  factor  which  varies  monotonically  from  1.0  in  the 
fast-modulation  limit  (Dtc  <<  I)  to  1.48  in  the  slow-modulat i on  limit  (Dtc 
>>  1)  [2],  In  deriving  this  relation,  the  intensity  of  the  Raman  compo¬ 
nent  has  been  assumed  to  be  proportional  to  the  square  of  the  average  po¬ 
larizability.  This  assumption  is  valid  so  long  as  Dtc  is  not  much  larger 
than  unity,  as  is  usually  the  case  for  the  dye  molecules  in  solution.  The 
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above  relation  can  be  interpreted  in  terms  that  under  resonant  excitation, 
the  Raman  process  takes  place  within  the  reciprocal  homogeneous  absorption 
bandwidth  irrespective  of  the  rate  and  amplitude  of  the  energy  modula¬ 
tion  concerned.  It  has  also  been  found  from  our  calculation  that  the  ratio 
(R/T)res  is  rather  insensitive  to  the  inhomogeneous  broadening  D  as  well 
as  Dr c .  Therefore,  it  is  considered  to  be  possible  to  determine  Tj  from 
the  measured  intensity  ratio  and  the  homogeneous  width  of  the  absorption 
band . 

In  order  to  confirm  this,  we  have  performed  experiments  in  crystal  vio¬ 
let  and  malachite  green  in  water  at  room  temperature  and  also  in  (3-caro¬ 
tene  in  isopentane  at  177  K.  The  Raman  intensity  has  been  obtained  by  in¬ 
tegrating  the  first-order  Raman  peaks  of  the  dye  molecule  and  the  corre¬ 
sponding  fluorescence  intensity  by  decomposing  the  observed  fluorescence 
spectrum  into  the  sum  of  Gaussian  vibronic  transitions.  The  homogeneous 
width  of  the  absorption  band  has  been  estimated  by  assuming  the  same 
widths  for  the  homogeneous  and  inhomogeneous  broadenings.  This  assumption 
is  based  on  the  experimental  results  that  the  ratio  of  the  homogeneous  and 
inhomogeneous  widths  is  almost  unity  in  various  dyes  in  solution  [1,3]. 

The  lifetimes  estimated  from  these  data  of  1.2,  0.8  and  0.13  ps  agree  well 
with  those  of  the  values  in  the  literature  which  were  determined  by  ultra¬ 
fast  spectroscopic  methods,  i.e.,  1.1,  0.7-1. 2  and  0.1-0.265  ps,  respec¬ 
tively  [2],  This  result  shows  that  a  very  short  population  relaxation  time 
can  be  estimated  from  the  Raman-to-total  emission  intensity  ratio  under 
resonant  weak-light  excitation. 

When  the  excitation  frequency  is  moved  away  from  resonance,  Lhe  inten¬ 
sity  ratio  R/T  increases  remarkably  for  Dtc  >  1,  though  it  remains  un¬ 
changed  fur  Dtc  <<  1.  The  fact  that  R/T  varies  with  the  excitation  energy 
is  one  of  the  typical  examples  of  the  non-Markov ian  behavior  in  the  op¬ 
tical  response.  Our  calculation  has  revealed  that  the  i nhomogeneous  broad¬ 
ening  affects  the  R/T  ratio  only  weakly  even  for  the  off-resonant  excita¬ 
tion.  Therefore,  it  will  be  possible  to  obtain  D  and  tc  from  the  intensity 
ratio  R/T  under  off-resonant  excitation,  provided  Tj  is  known. 

Generally,  the  four  parameters  Tj,  Tc ,  D  and  Dg  can  be  determined  from 
the  analysis  of  the  excitation  profiles  for  the  Raman  lines  and  the  fluo¬ 
rescence  band  as  well  as  of  the  absorption  and  fluorescence  band-shapes. 

In  fact,  we  have  analyzed  the  Raman  and  fluorescence  excitation  profiles 
for  g-carotene  in  isopentane,  and  determined  the  parameter  values  as  T,  = 
170  fs,  tc  =  53  fs,  D  =  '300  cm-  and  Dg  =  360  cm~^  at  177  K  [1].  These 
values  have  been  found  to  reproduce  the  absorption  and  fluorescence  band- 
shapes.  Since  Dtc  is  3,  the  energy  modulation  in  this  sysLem  is  relatively 
slow.  In  such  a  case  far  from  the  fast-modulation  limit,  it  is  not  the 
dephasing  time  T2,  but  the  amplitude  D  and  the  correlation  time  tc  of  the 
energy  modulation,  that  characterize  the  linear  and  nonlinear  spectro¬ 
scopic  properties.  For  example,  Lhe  homogeneous  width  (HWHM)  of  the  ab¬ 
sorption  band  Is  expressed  as  I/T2  =  D  +  1 / 2Tj  in  the  fast-modulation 
limit,  while  it  is  D/21n  2  in  the  slow-modulation  limit. when  DT,  >>  1. 
Namely,  the  pure  dephasing  rate  which  is  given  as  T  =  D~tc  in  tne  fast- 
modulation  limit  should  be  replaced,  in  the  slow-modulation  case,  by  the 
energy  fluctuation  amplitude  D  multiplied  by  some  numerical  factor  that 
depends  on  the  experimental  method  to  measure  it.  In  this  case,  various 
transient  responses  exhibit  non-exponential  behavior  and  in  addition  the 
lineshapes  of  the  absorption  and  emission  spectra  become  Gaussian  even 
when  the  inhomogeneous  broadening  is  absent. 
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In  order  to  compare  the  parameters  estimated  from  the  excitation  spec¬ 
tra  for  the  second-order  optical  processes  with  those  obtained  by  ultra¬ 
fast  nonlinear  spectroscopy,  we  have  calculated  the  time  characteristics 
of  photon  echo  and  hole  burning.  A  calculation  of  the  DTL-depende.,ce  of 
the  time  behaviors  of  the  two-pulse  phoLon  echo  by  the  use  of  Aihara's 
theory  [4]  has  revealed  that  the  echo  intensity  decays  non-exponential  1 y 
for  D'l >  1  as  a  function  of  the  time  separation  t  between  the  first  and 
the  second  exciting  pulses,  though  it  exhibits  a  single  exponential  decay 
as  exp(-4rt  )  for  Dxc  <<  1.  When  T,  is  sufficiently  long,  the  tiiru  re¬ 
sponse  of  the. echo  signal  in  the  slow-modulation  limit  is  expressed  as 
txp[-(Ls/T  ) ^  ] ,  where  T  =  D~  (  3Dx(./4 ) 1  ' J .  For  t  he  case  of  Dxc  >  1,  the 
1/e-decay  time  of  the  ecno  intensity  has  been  found  to  be  approximated  by 
X  ,  which  is  estimated  to  be  18  fs,  if  we  use  the  parameter  values  ob¬ 
tained  for  malachite  green  in  water  at  room  temperature.  This  is  much 
longer  than  1/4AE^  'v  3  fs  and  l/4D^xc  t  l  fs.  Since  the  absorption  spec¬ 
trum  of  organic  dye  molecules  in  solution  usually  has  a  shoulder  due  to 
the  vibronic  transitions,  it  is  necessary  to  take  into  account  the  effect 
of  the  quantum  beats  due  to  the  contribution  of  a  pair  of  vibr'.xic  levels 
in  the  excited  state,  when  the  light  pulses  of  the  duration  of  10  fs  or 
less  are  employed  for  the  experiment  [5].  it  has  been  found  that  the  tg- 
dependence  of  the  echo  signal  calculated  for  the  1300-cm-1  separated  vib- 
ronic  levels  shows  an  apparently  fast  decay  with  a  1/e-decay  constant  of 
^  7  fs  \,uch  is  accompanied  by  a  small  peak  separated  by  'v  20  fs  from  the 
main  peak.  On  the  other  hand,  the  width  (HWHM)  of  the  spectral  hole  and 
the  rapid  recovery  time  of  the  burned  hole  observed  in  a  Lime-resolved 
hole-burning  experiment  are  expected,  in  the  slow-modulation  case,  to  be 
comparable  to  the  spectral  width  of  the  pump  pulse  and  x  ,  respectively. 

In  fact,  the  values  of  'u  100  cm-*  and  'v  30  fs  reported  recently  for  solu¬ 
tions  of  dye  molecules  such  as  cresyl  violet  [6]  are  comparable  to  the 
HWHM  of  the  exciting  light  of  'v  100  cm-*  and  xc  =  33  fs  estimated  for  2- 
carotene,  respectively.  These  results  demonstrate  that  the  analysis  of  the 
excitation  profiles  of  Raman  scattering  and  luminescence  offers  detailed 
information  on  the  ultrafast  relaxation  parameters. 
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In  the  past  decade,  nonlinear-optical  frequency-domain  techniques  have  provided  a  useful 
alternative  to  ultrashort-pulse  (time-domain)  techniques  for  the  measurement  of  a  wide  range  of 
ultrafast  events.14  While,  in  principle,  frequency-domain  techniques  measure  the  Fourier 
transform  of  the  temporal  response  of  a  material,  nonlinear-optical  techniques  often  yield  only 
its  magnitude.  As  a  result,  the  temporal  response  may  not  be  uniquely  determined.  Obvious 
(and  trivial)  ambiguities  include  a  constant  phase  factor,  displacement  of  the  time  origin,  and 
simultaneous  inversion  and  complex  conjugation.5  Less  obvious,  and  far  less  trivial,  ambigui¬ 
ties  also  exist,  even  if  the  possible  temporal  responses  are  restricted.5  7  The  study  of  such  am¬ 
biguities,  known  as  the  phase  retrieval  problem,  has  received  much  attention  in  other  contexts.7 

In  this  paper,  we  consider  techniques  that  measure  the  magnitude  of  the  frequency  response 
and  study  a  commonly  used  temporal  response,  the  sum  of  two  exponentials:  '-s 

h(t)  =  0(t)  { A  exp(-t/tf)  +  B  exp(-i/  :s)  )  (1) 

where  xf  and  xs  are  fast  and  slow  time  scales,  A  h  ot/xt,  B  =  (1  -a)/xs,  a  is  a  real-valued  (possi¬ 
bly  negative)  relative  weight,  and  0(t)  is  the  unit  step  function.  When  a  is  between  z.ero  and 
one,  h(t)  represents  a  rapid  fall  followed  by  a  slower  fall,  while  other  values  of  a  correspond  to 
a  rapid  rise  and  then  a  slower  fall.  The  measured  line  shape  is  the  squared  magnitude  of  the 
sum  of  the  Fourier  transform  (with  respect  to  co  =  0) j— <o2)  of  Eq.  (1)  and.  potentially,  some 
constant  coherent  background,  P+iy: 

2 

1  +  icoxa 

(1  +  ianf)  (1  +  icoxs)  +  ”  + 


|r«p7(w)|2  = 


where  xa  s  axs  +  (l-a)xf.  We  point  out  that  knowledge  of  only  the  magnitude  of  the  frequen¬ 
cy  response  of  this  decay  is  not  sufficient  to  specify  uniquely  the  parameter  a.  Specifically, 
there  exists  a  nontrivial  set  of  parameters,  a’,  P',  and  y',  that  satisfies  for  all  co  the  equation. 

lrapr('»)|2=|ro3Y(CO)|2: 

a’  =  -2(P-ty)^-f  -  a  (3) 

Ts—  Tf  Ts—  Tj- 

with  P'=  P  and  y'  =  -y.  Thus,  for  every  line  shape,  there  are  two  different  possible  values  for 
the  parameter,  a.  lEquation  (3)  can  also  be  obtained  by  writing  T~rtpy(a))  as  a  single  quotient 
and  taking  the  complex  conjugate  of  the  numerator  only.  This  produces  a  nontrivial  change  in 
h(t),  but  does  not  change  Uli3r(o>)l2- J  We  refer  to  this  ambiguity  as  a  rise-fall  ambiguity  be¬ 
cause  it  often  results  in  a  temporal  response  involving  a  rapid  fall  and  then  a  slower  fall  having 
an  identical  line  shape  to  that  of  a  very  different  temporal  response,  one  involving  a  rapid  rise 
and  then  a  slower  fall.  This  type  ot  ambiguity  could  tie  particularly  troublesome,  especially 
when  each  of  the  above  responses  corresponds  to  a  different  physical  phenomenon  or  when 
rises  and  falls  both  potentially  occur  in  the  same  phenomenon. 11  12 
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The  introduction  of  quadrature-phase  coherent  background,  iy,  removes  the  ambiguity  be¬ 
cause  it  forces  the  value  of  a'  off  the  real  line.  Since  a  complex  relative  weight  violates  the  as¬ 
sumption  of  a  real  decay,  it  is  no  longer  physically  acceptable.  Even  if  complex  weights  are  al¬ 
lowed,  quadrature  phase  may  remove  the  ambiguity  because  the  alternate  solution  for  a  is 
necessarily  accompanied  by  ambiguity  in  y.  y'  =  -y.  Thus,  if  only  its  sign  is  known,  coherent, 
quadrature-phase  background  removes  rise-fall  ambiguities  for  the  general  case  of  complex  de¬ 
cays.  Note  that  any  nonzero  amount  of  quadrature-phase  background  is  sufficient  to  remove 
the  ambiguity,  although  in  practice,  experimental  noise  implies  a  minimum  value. 

This  ambiguity  can  be  seen  in  experiments  on  the  optical-Kerr  effect  in  carbon  disulfide  us¬ 
ing  an  induced-moving-grating  technique.  This  technique  involves  measuring  the  dispersion  of 
the  four-wave-mixing  process,  co0  =  WpCi^-KUj,  and  is  described  in  detail  in  ref.  1.  The  optical- 
Kerr  response  in  carbon  disulfide  has  been  measured912  and  fit  with  sum-of-two-exponentials 
decays.  The  parameters  obtained  from  these  measurements  are:  tf  =  100  -  360  fs.  ts  =  1.3- 
2.2  ps,  and  a  =  0. 16  -  0.51.  Other  time  scales  (e.g.,  the  electronic  component  and  the  recently 
observed  fsec  rise9-10)  are  beyond  the  resolution  of  our  experiment. 

Experimental  wavelengths  are  X.,  =  572-8  nm,  \2~  575  nm,  and  X3  =  570  nm,  intensities 
are  -1  GW/cnT,  and  polarizations  are  x,  y,  and  x,  respectively.  Figure  1  shows  an  experimen¬ 
tal  spectrum  (in  the  absence  of  quadrature-phase  background).  Fitting  these  data,  we  obtain 
two  solutions,  which  both  comprise  the  solid  line  in  Fig.  1.  All  of  the  parameters  of  these  two 
fits  are  nearly  identical,  except  the  relative-weight  parameters,  which  differ  by  a  large  amount. 
That  these  two  solutions  represent  the  predicted  ambiguity  is  also  demonstrated  in  Fig.  1. 
w  hich  displays  a  plot  of  %2(a),  the  value  of  the  normalized  sum  of  the  squares  of  the  weighted 
residuals  for  a  given  value  of  a.  with  all  other  parameters  fixed  at  their  optimum  values.  Ob¬ 
serve  that  there  are  two  very  steep  minima,  representing  the  two  possible  solutions,  which  sat¬ 
isfy  Eq.  (3)  to  within  a  few  percent. 

Removal  of  the  above  ambiguity  is  achieved  simply  by  tuning  the  probe  frequency  to  -25 
cm1  (co^— (O2  ~  5  x  1012  s1)  from  the  fixed-frequency  excitation  beam.  An  co0  =  oh-w-sti), 
process,  which  adds  coherently  to  the  Ct>|~<02+a>3  process,  provides  the  background.  The  quad¬ 
rature-phase  component  of  this  background  is  significant  when  the  probe  frequency,  cov  is  ap¬ 
proximately  equal  to  C02±l/tr.  Figure  2  shows  data  obtained  in  the  presence  of  this  coherent 
background,  in  which  a  positive  value  of  a  (+0.26)  achieves  a  good  fit,  and  other  values  do 
not.  The  dashed  curve,  which  does  not  fit  the  data  well,  results  from  the  use  of  all  of  these  pa¬ 
rameters,  except  for  a,  for  which  we  use  the  negative  solution  obtained  previously  (-0.91 ). 
Allowing  all  of  the  parameters  to  float  does  not  improve  the  fit  for  any  negative  value  for  a.  To 
verify  that  no  other  solution  exists  for  a,  we  plot  in  Fig.  2  the  function  x2(ct)  for  these  data, 
showing  that  the  only  minimum  occurs  at  the  correct  positive-a  location.  Thus,  we  confirm 
that  the  introduction  of  quadrature-phase  coherent  background  removes  the  ambiguity  in  a. 


Fig.  I.  Experimental  results  with  negligible  coherent  quadrature-phase  hackgroiiml  r,i.  left:  Diffrac¬ 
tion  efficiency  vs.  frequency  difference,  (0  a  G)|-o>;.  The  solid  line  indicates  the  best  fit,  obtained  for 
two  different  values  of  a:  0.31  and  -0.91.  (Fast  and  slow  lifetimes  obtained  in  these  fits  are  0.19  ps 
and  1.32  ps,  respectively.  Some  in-phase  background  1(3)  exists  in  this  scan:  (1  =  ().!  2.|  Right:  Plot  of 
X2  as  a  function  of  a.  Observe  the  presence  of  two  minima,  indicating  the  ambiguity  in  the  fit  for  «. 
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Fig.  2.  Experimental  results  with  substantial  quadrature-phase  coherent  background.  Left:  Diffraction 
efficiency  vs.  frequency  difference,  to  2  a>i — o>2 .  The  solid  line  indicates  the  best  fit.  obtained  for  a  sin¬ 
gle  value  for  a  of  +0.26.  (Fast  and  slow  lifetimes  obtained  in  this  fit  are  0.19  ps  and  1 .42  ps,  in  agree¬ 
ment  with  Fig.  1  and  short-pulse  results.9  '2  Background  parameters  are  (5=  1.40  and  y  -  -1.04.) 
Using  the  value  a  =-0.91  yields  a  visibly  poor  fit  for  all  possible  values  of  all  other  parameters. 
Right:  Plot  of '/}  as  a  function  of  a.  Observe  the  presence  of  only  one  minimum,  indicating  that  the 
ambiguity  in  the  fit  for  the  parameter,  a,  has  been  removed. 


We  have  limited  discussion  of  these  ambiguities  to  processes  involving  zero-frequency  reso¬ 
nances,  but  our  results  are  applicable  to  other  coherent  nonlinear  methods,  such  as  coherent 
anti-Stokes  Raman  scattering,  where  it  is  clear  that  ambiguities  exist.  It  is  not  clear,  however, 
whether  such  ambiguities  will  be  as  physically  interesting  as  that  discussed  here. 
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The  electron-hole(e-h)  system  in  semiconductors  highly  excited  by  an  intense 
laser-f  i e  1  ^ i e J d )  is  described  by  the  Bogolyubov  quas  ipart  icles[  1 , 2] .  In 

usual  cases,  the  lifetime  of  the  quasiparticle  is  the  order  of  magnitude  of 
collision  lifetime,  typically  10-10^fs.  In  optical  processes,  a  pair  of  the 
quasiparticles  plays  an  important  role.  The  pair  state  has  the  induced  ener¬ 
gy  gap  at  which  the  density  of  states  has  divergent  character.  These  fea¬ 
tures  are  expected  to  be  clarified  in  the  time-resolved  resonant  light  scat¬ 
tering  of  probe  light.  We  derive  the  general  expression  of  the  time-resolved 
spectrum  of  secondary  emission  in  the  same  sprit  of  Aihara's  theory[3),  and 
apply  the  result  to  a  simple  two-band  model  of  semiconductor  quantum  wells; 
we  assume  two-dimensional  parabolic  conduction  (Ec(k))  and  valence  (Ev(k)) 
bands  with  extrema  at  k=0  and  the  band  gap  Eg. 

We  treat  the  il|_-field  as  a  classical  monochromatic  field  with  the  fre¬ 
quency  Sl(_,  since  the  coupling  with  the  e-h  system  (gj_)  is  so  strong  that  the 
perturbation  theory  cannot  be  used.  Then,  the  Hamiltonian  of  the  system 
depends  on  time  explicitly.  By  the  procedure  given  in  [1],  we  eliminate  the 
t-dependence  by  a  canonical  transformation  and  diagonalize  the  Hamiltonian 
by  the  Bogolyubov  transformation.  Neglecting  the  many-body  effects,  up  to 
the  constant  energy  shift,  the  Hamiltonian  of  e-h-ft^-coupled  system  is  given 
as  H=Ikfea('!)ak“k+e6(k)BkBk1  where  ea(  k)+eg(  k)=w(  k) ;  u,(k)=ZlgLc+  x^( k )  ] 1 
and  x(kMEc(k)-Ev(k)-nL]/2.  The  ground  state  of  this  system  at  T=0K  is  the 
vacuum  state  of  the  Bogolyubov  quasiparticles,  |0>[2]. 

By  representing  the  incident  photon  wavepacket  and  the  resolution  func¬ 
tion  of  measurement  system  by  F-j  and  in  energy  domain,  respectively,  and 
denoting  the  mean  incidentf  scattered)  photon  energy  by  the  time- 

resolved  spectrum,  in  the  quasiparticle  representation,  is  given  as 
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apart  from  a  constant  factor,  where  |  £,>  is  the  excited  state  of  ||  with  energy 

E_;  G(z)=1/[E+iy-H],  y>0;  t  is  the  mean  photon  emission  time  being  detected. 

^  7 

In  (2),  the  dependence  on  photon  wave  vector  Q  is  ignored  in  uk  and  v ^ :  uk- 

[(1/2)+x(k)/w(k)  ],  vk^=  [(l/2)-x(k)/u,(.k)]  and  ukvk=-g[_/u ( k ) .  Note  that,  in 
(1),  the  incident  and  scattered  photon  energies  are  shifted  by  Tii  ,  since  the 
system  is  driven  by  the  Q|_-field.  The  secondary  emission  (I)  consists  of 
three  processes  depicted  in  Fig. T ;  (a)  is  Rayleigh  process  with  respect  to 
the  quasiparticle,  (b)  and  (c)  are  the  Stokes  processes  involving  the  scat¬ 
tering  of  one-  and  two-pairs  of  quasiparticles,  respectively.  Here,  as  an 
example,  we  take  the  (b)-process  in  the  case  of  fi|_>Eq.  The  intermediate 
states  are  ak8_k|0>  with  the  energy  E^=u(k)  which  has  the  induced  energy  gap 
2gk.  The  density  of  states  diverges  at  2g|_ .  Such  a  divergent  character  will 
be  revealed  more  clearly  in  the  quantum  well  due  to  its  two  dimensional  na¬ 
ture.  We  can  expect  that  the  secondary  emission  has  two  peaks;  one  is  given 
by  S22_fiL+^9L"£2l_ril  associated  with  the  virtual  process  combining  the  peaks 
of  F-|  and  Fg.  and  the  other  is  given  by  ■'T(_-*-2g |_^2g f  associated  with  the 

process  combining  the  pole  of  G(z)  and  the  peak  of  Fj>.  We  carry  out  the 
numerical  computations  for  a  typical  case  of  GaAs/AlAs;  the  band  gap  is  Eg= 
1.5eV,  the  lifetime  of  pair  state  is  assumed  to  be  constant, y/Eg=0. 004 . 

For  the  li^-field,  we  put  12|_/Eg=1.04  and  gj_/Eg=0.04.  We  assume  a  Lorentzian 
shape  for  F-j  The  computed  spectra  are  shown  in  Fig. 2  where  / EQ= 1 .14, 
the  very  narrow  widths  of  F-|  w-|  2/Eg=0.0007,  are  adopted  to  see  the 

spectral  structure.  Times  are  measured  in  units  of  h/lmeV=660fs. 


i 


More  characteristic  features  are  seen  in  the  processes  involving  the  L0- 
phonon(wg)  scattering.  In  Fig. 3  and  4,  we  show  the  spectra  in  energy  and 
time  domain  for  the  210-scattering  in  the  (a)-process  computed  at  T=0K, 
where  we  put  ii-j  / Eg=  1 . 1 3,  w-| /Eg=0.008,  w^/EgsO.  01 6  and  Q/Eg=0. 01  3,  and  as¬ 
sume,  for  simplicity,  the  imaginary  part  of  the  self-energy  to  be  constant, 
T/Eg*0.004.  With  increasing  time,  the  peak  changes  from  i -2,.  q  to 
2uig  and  to  '‘2^-‘l+29l>  reflecting  the  virtual  and  real  processes.  The  diver¬ 
gent  behavior  of  density  of  states  at  2gk  plays  an  important  role  to  give 
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INTENSITY 


fig.!  Secondary  Emission  Processes 


Fig. 2  Time-Resolved  Spectra 


140  200  260 

fl2+2u0-£g  [meV] 

Fig. 3  Time-Resolved  Spectra 


Fig.4  t-Dependence  of  Intensity 


sufficient  intensity  at  rj L+  ^ ^Ul 0 •  Such  Phenomena  cannot  be  expected  in 
usual  cases  as  three  dimensional  exci ton-phonon  systems.  In  Fig. 3,  the  in¬ 
tensity  decays  with  the  time  constant  of  system.  The  oscillatory  behav'nr 
with  period  2i\/2uq  comes  from  the  interference  between  the  two  processes 
through  intermediate  states  with  E_=Eg+2g2  and  Er^E„+2g1_i-2o.Q. 
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With  the  development  of  laser  pulse  technique,  transient 
nonlinear  optical  phenomena  have  become  a  subject  of  much 
investigation.  YAJIMA  and  TAIRA  [1]  investigated  the  third- 
order  transient  optical  parametric  effect  caused  by  two-pulse 
excitation  in  the  Markovian  limit.  In  ref.  (1J  it  is  shown 
that  correlation  trace  (output  light  energy  vs  incident  pulse 
separation)  provides  a  general  means  of  obtaining  the 
transverse  relaxation  time  Tj.  The  photon  echo  and  the 
non-Markovian  relaxation  phenomena  caused  by  two-short-pulse 
excitation  in  a  1  oca  1 i zed-e lec tron-phonon  system  were 
investigated  by  AIHARA  from  a  microscopic  viewpoint  [2],  [31. 

In  order  to  clarify  the  dynamics  of  lattice  relaxation  both  in 
the  spectral  and  time  regions,  we  extend  the  results  obtained 
in  ref.  3  to  the  case  of  excitat.ion  pulses  with  finite  temporal 
width.  This  enables  us  to  study  the  dependence  of  signal 
intensity  on  the  excitation  photon  energy. 

Using  the  formalism  of  Ref.  3,  apart  from  the  unimportant 
multiplicative  factor,  we  obtain  the  formula  for  off-diagonal 
element  of  density  matrix  corres pond i ng  to  the  third-order 
optical  parametric  effect; 

t  t  ■  t  - 

<e|r  '<  1  t )  |  g>  =  -  i  /dt.  ;  id*  ,  xdt 

-30  -CO  -co 

X  {  E  ;  (  t  :  -  r  ,  )  E ,  (  t .  -  T. .  )  K  *  (  t  )  c  ”  1  1  n  -  £  M  t.  :  +  l  -  t  .  )  -  T  (  t  :  - 1 ,  ) 

e- i  L»  ,(  t-t  :)((.- i  I.  i  ,(  •  :-t  )+  p— iL.,(  t  ;  — t  )  j  0- i  I.  ,-<  t  -t  ...  ) 

+  E  ,  (  t.  :  - r  5  )  E  :  *  (  t  c  )  K .  (  L  -  r.  .  I  e~  1  (  ~e  1  (  1  :  "  1  -  +  ’  ]  ~  '  1  1  ;  ~  1  ■  1 

e-ib.  j  (  t-t.  ,  )  ,  e-il, ,  t  ;-t 1  +  c-  ib.  -(  t  -t  1  )e  -  i  l.?  f  (  t  -t  >  j 

X  l>  -  ■  (11 

In  the  above  equation,  E  (t)(j=l,2)  is  temporal  envelope 
function  of  j-th  pulse  which  is  peaked  at  t  =  () .  z_  is  pulse 
separation.  fl  is  mean  f requency  of  incident  light,  and  e  is 
Franrk-Comlon  energy.  i  is  lifetime  of  excited  state.  The 
hyper-operator  1,  (x,y  =  g,e)  is  defined  by  I.  A  = ! I  A-AH  ,  where 
H ,  I H  j )  denotes  the  Hamiltonian  associated  with  the  ground 
(excited)  state  manifold.  />*  is  density  matrix  for  the  thermal 
equ i 1 i br i urn . 
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The  induced  electric-dipole  moment  <d ( t ) >  is  expressed  by 

<d(t)>=Tr[d<e|P  -  ( t ) | g> 1 +c . c . ,  (2) 

where  Tr  denotes  the  trace  operation  over  the  reservoir 
variables.  The  electron-lattice  interaction  Hamiltonian, 
V(:H,-H,-e),  is  expressed,  up  to  the  quadratic  interaction,  by 

V  =  £h  ,e.  (  b.+b„  t  )  +  4Erh  .  ,  le.e.,  )  >  -  (  b  .  +b  .  t  )  (  b  ,  +  b +  )  .  (3) 


Thermal  average  in  Eq.  (2)  is  evaluated  by  the  cumulant 
expansion  method,  and  we  consider  the  second  cumulant.  We 
assume  the  density  of  state  of  phonon  system  to  be  the  Gaussian 
profile  with  the  width 


In  the  numerical  evaluations,  we  assume  that  h.  and  h.  ,  are 
constants  (S.=h,.  and  Si=h  .-V- ) >  and  neglected  the  longitudinal 
relaxation  time  because  it.  is  usually  much  longer  than 
transverse  one  in  condensed  matter.  At  first,  we  show  in 
Fig.  1  the  absorption  spectrum  of  this  two-level  system.  The 
origin  of  energy  is  set  at  that  of  the  zero-phonon  line.  The 
lattice  relaxation  rate  ,  is  0 .  1«  ,  where  «  is  the  mean 
phonon  frequency.  The  coupling  strength  S.  of  linear  electron- 
phonon  interaction  is  5.  The  ratio  of  electron-phonon  coupling 
strength  of  the  linear  interaction  to  the  quadratic  one 
(S. /Sjlis  100.  The  inverse  of  temperature  S=l/kT  is  5 to, 

The  dephasing  time  T,  is  then  evaluated  as  812»  As  is 

shown  in  Fig.  1,  a  sharp  zero-phonon  line  and  multiphonon 
structure  appear  in  this  system  with  intermediate  coupling 
s  t.  reng  th  . 

In  Fig.  2,  we  show  the  logarithmic  diplay  of  t i me- i n t eg ra ted 
intensity  t(r«)  for  several  values  of  excitation  energy  n  , 
which  is  indicated  by  arrows  in  fig.  I.  Pulse  envelope 
functions  are  assumed  to  have  the  same  Gaussian  profile 
(E  ;  (  t )  =E.:  (  t )  =  (  «  Vff)  :  -  exp  f  -  s  •  t  *  )  )  .  The  spectral  width  5  of 


Fig.  1 .  Absorption  spectrum 
of  e 1 ec t ron-phonon  system 
with  intermediate  coupling 
strength.  The  arrows 
indicate  the  mean  excitation 
energy  where  I ( r »  )  in  Fig.  2 
i  s  eva  1  ua  ted  . 


Fig.  2 .  The  logarithmic 
display  of  t.  i  mo- i  n  tegra  ted 
intensity  as  a  function  of 
pulse  Reparation  t-oi,  for 
several  values  of  excitation 
energy . 
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excitation  pulses  is  set  at  1.2®,,.  Other  parameters  are  the 
same  as  in  Fig.  1.  From  curve  A  (si  =0)  in  Fig.  1,  we  find  that 
I(r.)  shows  the  damped  oscillation  with  period  2-n/w  which 
reflects  the  dynamical  nature  of  the  system  in  the  ultrashort 
time  region,  and  that  it  is  followed  by  the  slow  exponential 
dephasing  with  T,,  for  r  3  >  >  r  r  '.  As  is  shown  in  curve  B 
(fl  r4«,  '  and  C  (fl.=9oo„),  the  initial  rapid  decay  which  is 
mainly  determined  by  the  excitation  pulse  profile  becomes 
predominant  as  the  excitation  energy  becomes  high.  This  is 
explained  by  the  fact  that  damping  time  of  vibronic  levels 
becomes  shorter  with  increasing  energy.  That,  is,  if  (n'  ?  r  ~ 

becomes  shorter  than  pulse  duration  { ( n ■  is  the  damping 

time  of  n-th  vibronic  level),  dynamical  nature  of  the  system 
cannot  be  resolved.  The  behavior  of  curve  C  is  related  to  the 
irreversibility  of  dipole  moment  discussed  by  YEH  and  EBERLY 
[11.  We  should  note  that  the  dynamics  of  lattice  relaxation  is 
reflected  in  the  z ^-dependence  of  the  t i me- in tegrated  intensity. 
This  is  the  distinctive  advantage  of  the  transient  nonlinear 
optical  method  over  the  linear  one,  such  as  the  time-resolved 
resonant  light  scattering. 
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One  of  the  interesting  aspects  of  light  propagation  in 
disordered  media  is  the  possibility  of  photon  localization  in 
analogy  with  localization  of  electrons  in  random  metallic 
systems  [1],  A  first  indication  of  such  behaviour  is  the 
recent  observation  of  weak  localization  of  light  [2].  Weak 
localization  manifests  itself  as  a  narrow  peak  in  the 
intensity  of  light  scattered  from  a  disordered  medium  in 
backward  direction.  The  effect  arises  from  constructive 
interference  between  light  waves  scattered  by  the  same 
particles,  but  in  reversed  sequence,  and  leaving  the  sample 
in  the  backscattering  direction  with  the  same  phase.  At  an 
angle  6  with  respect  to  the  backscattering  direction  the 
interference  effect  is  reduced,  since  a  given  lightpath  and 
its  time-reversed  counterpart  now  have  a  phase  shift 
proportional  to  9d,  where  d  is  the  distance  between  the  first 
and  last  scattering  center  in  the  light  path  [3],  At  angles  9 
larger  than  A/d,  where  A  is  the  wavelength  of  the  light,  the 
interferences  average  out  to  zero.  It  follows  that  the 
coherent  contribution  of  a  light  path  to  the  backscattering 
peak  is  within  an  angular  range  related  to  the  size  of  the 
path,  i.e.  the  cone  associated  with  the  light  path  becomes 
narrower  as  its  length,  and  hence  d,  becomes  larger.  We  have 
performed  pulsed  light  scattering  experiments  and  were  able 
to  show  the  variation  of  the  lineshape  of  the  backscattering 
peak  with  the  path  length  of  the  scattering  events  directly 
in  the  time  domain. 

The  sample  used  in  the  time  -  resolved  backscattering 
experiments  was  a  concentrated  suspension  of  Ti02  particles 
(mean  diameter  0.22  pm)  in  2-methylpentane-2 ,4-diol  (mean 
free  pathlength  2  pm) .  Laser  pulses  with  a  duration  of  100  fs 
were  delivered  by  a  colliding-pulse  mode-locked  ring  laser 
operating  at  620  nm.  Time  -  resolved  detection  of  the  laser 
pulses  scattered  from  the  sample  was  performed  using  a  light¬ 
gating  technique,  based  on  second-harmonic  generation,  with  a 
temporal  resolution  of  30  fs.  In  Fig.l  experimentally 
obtained  backscattering  peaks  at  various  delay  times  after 
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Fig.  1.  Enhanced  backscattering  peaks  measured  for  a  6.8 
vol.%  suspension  of  Ti02  particles  at  different  delay  times 
after  the  laser  pulse:  (a)  30  fs ;  (b)  330  f s .  Dashed  curves 
represent  results  from  calculations  based  on  diffusion  theory 


the  laser  flash  are  shown.  The  backscattering  peaks  were 
detected  for  light  polarized  parallel  to  the  polarization  of 
the  incoming  laser  pulse .  We  found  that  the  width  of  the  peak 
is  reduced  from  approximately  80  mrad  at  30  fs  delay  to 
approximately  25  mrad  at  a  delay  time  of  330  f s .  In  Fig.  2 
time-resolved  intensity  profiles  of  light  pulses  scattered 
from  the  Ti02  sample  are  shown.  The  profiles  were  detected  at 
fixed  angles  with  respect  to  the  backscattering  direction. 
The  backscattered  pulses  have  a  short  rise  time,  determined 
by  the  laser  pulse  duration  and  a  slower  long-time  decay.  The 
decay  could  be  monitored  for  delay  times  up  to  10  ps .  Photons 
detected  at  these  long  delay  times  have  traveled  more  than  2 
mm  in  the  sample  and  are  elastically  scattered  over  more  than 
one  thousand  times . 

As  is  seen  from  Fig.  2,  the  scattered  light  intensity  is 
largest  at  exact  backscattering  conditions,  as  could  be 
expected.  Under  exact  backscattering  conditions  all  time- 
reversed  light  paths  interfere  constructively  and  the 
intensity  equals  almost  twice  the  average  intensity.  At  small 
angles  with  the  backscattering  direction,  the  phase 
difference  between  time  reversed  paths  will  increase  with 
pathlength,  and  a  coherent  contribution  to  the  scattered 
intensity  occurs  only  during  a  short  time  after  the  laser 
flash.  A  quantitative  analysis  of  the  results  was  given  on 
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Fig.  2.  BackscaCtered  light  pulses  from  a  6.8  vol.% 
suspension  of  Ti02  particles  measured  for  9  —  0  mrad  (open 
circles)  and  9  -  27  mrad  (full  circles).  Dashed  curves 

represent  results  of  calculations  based  on  diffusion  theory 


basis  of  simple  diffusion  theory  [4]  .  The  results  of  this 
analysis  are  also  given  in  Fig.l  and  2.  Both  the  width  of  the 
coherent  backscattering  peak  and  the  temporal  intensity 
profiles  are  in  good  quantitative  agreement  with  the 
theoretical  predictions. 
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For  a  one-electron  atom,  the  characteristic  time  of  the  electronic  wave  function  is  the 
classical  round  trip  time  of  the  electron.  The  classical  round-trip  time  of  an  electron  scales  with 
n3,  and  is  0.15  fs  for  the  ground  state  of  a  hydrogen  atom.  This  time  is  about  ten  times  shorter 
than  an  oscillation  of  visible  light.  For  Rydberg  states  the  characteristic  time  increases  quickly: 
for  the  state  with  principal  quantum  number  n  =  40  the  orbit  time  is  already  10  ps.  In  this 
contribution  a  study  of  the  dynamics  of  the  electronic  wave  functions  of  Rydberg  states  with 
picosecond  laser  pulses  is  presented. 

The  effect  of  an  intermediate  resonance  on  multiphoton  ionization  is  studied,  in  particular 
in  the  situation  that  the  classical  orbit  time  of  the  intermediate  state  is  of  the  same  order  of 
magnitude  as  the  time  during  which  the  atom  is  irradiated.  Although  the  w'ave  function  of  a 
Rydberg  state  is  quite  extended,  only  the  part  close  to  the  core  contributes  to  absorption  of 
photons  in  the  visible.  In  addition  to  this,  the  production  of  the  Rydberg  state  also  takes  place  in 
a  small  area,  given  by  the  dimensions  of  the  ground  state.  If  an  atom  is  ionized  in  a  two-step 
process,  in  which  the  involved  intermediate  states  are  Rydberg  states,  the  ionization  is 
resonantly  enhanced  only  if  the  wave  function  can  return  to  the  core  during  the  laser  pulse.  If 
the  classical  orbit  time  of  the  involved  Rydberg  states  is  longer  than  the  duration  of  the  pulse, 
the  ionization  probability  will  not  be  enhanced. 

This  enhancement  can  be  measured  experimentally  in  the  following  way.  An  atom  is 
excited  to  a  Rydberg  state  or  a  coherent  superposition  of  states.  In  the  present  experiment  this  is 
done  by  three-photon  excitation  of  xenon.  The  Rydberg  atom  is  ionized  by  absorption  of  a 
subsequent  photon.  By  scanning  the  photon  energy  the  principal  quantum  number  is  varied, 
and  therefore  the  classical  orbit  time  of  the  intermediate  state.  Detection  of  electrons,  resulting 
from  ionization,  as  a  function  of  the  photon  energy  should  show  the  transition  from  non- 
resonant  direct  four-photon  ionization,  to  resonantly  enhanced  three-plus-one  photon  ionization. 

The  pulses  of  the  dye  laser  (614  nm)  are  two  times  bandwidth  limited.  With  a  scanning 
autocorrelator  the  duration  of  the  dye  laser  pulses  is  measured  to  be  3.5  ps.  The  duration  of  the 
UV  pulses  is  estimated  to  be  3  ps,  and  the  energy  was  22  pj.  The  light  intensity  in  the  focus  is 
calculated  to  be  900  GW/cm2.  The  excitation/ionization  takes  place  in  a  metal  box  to  minimize 
the  electric  fields.  Outside  this  box  the  photoelectrons  are  decelerated  to  prevent  background 
electrons  with  less  than  1.33  eV  kinetic  energy  from  reaching  a  set  of  channel  plates.  The 
remaining  electrons  are  accelerated  in  the  direction  of  the  channel  plates.  The  signal  of  the 
channel  plates  is  amplified,  and  integrated  with  a  boxcar.  With  this  experimental  set-up,  the 
ionization  signal  as  a  function  of  the  photon  energy  can  be  measured. 

The  result  of  the  experiment  is  presented  in  Figure  1.  Firstly,  a  transition  from  an 
enhanced  to  a  non-enhanced  ionization  signal  can  be  seen.  Secondly,  this  transition  is  not  at  the 
ionization  threshold  but  at  states  with  a  finite  principal  quantum  number.  The  sudden  increase  of 
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Fig.  1.  The  observed  electron  signal  as  a  function  of  the  energy  of  the  ionizing  light.  In  addition  to  the 
energy  scale,  a  scale  is  given  of  the  principal  quantum  number  of  the  intermediate  state,  and  the 
corresponding  classical  round-trip  time  of  the  n-state.  The  transition  from  resonant  to  non-resonant 
ionization  can  be  seen  at  rn  =  3  ps.  The  pulse  duration  was  of  3.0  ps  and  the  calculated  laser  intensity  900 
GW  cm-. 


ionization  probability  is  observed  as  n=27  is  enticed  as  an  intermediate  resonance.  The  classical 
orbit  time  (tn)  of  this  state  is  3  ps.  This  time  agrees  with  the  pulse  duration  of  the  laser 
(tp  =  3  ps).  For  >  tp  no  wave  function  returns  to  the  core  during  the  laser  pulse:  only  direct 
four-photon  ionization  can  occur.  The  ionization  probability  is  independent  of  n.  For  xp  <  tp  the 
wave  function  does  return  to  the  core  within  the  laser  pulse.  Besides  direct  ionization,  now 
resonantly  enhanced  three-plus-one  photon  ionization  takes  place.  Due  to  the  latter,  the 
ionization  probability  increases  enormously.  In  Figure  1  the  increase  can  be  seen  for  Rydberg 
states  lower  than  n  =  28. 

In  conclusion,  for  sufficiently  high  Rydberg  states  the  wave  function  does  not  return  to 
the  core  dunng  the  laser  pulse.  In  this  case  several  Rydberg  states  are  coherently  excited  adding 
up  to  a  wave  packet  [2],  describing  a  radially  localized  moving  electron.  This  wave  packet  can 
be  detected  by  applying  a  second  laser  pulse. 
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Above-threshold  ionization  (ATI)  is  investigated  in  xenon  using  high-intensity  light 
pulses  at  620  nm  with  a  pulse  duration  shorter  than  100  fs.  the  shortest  used  to 
investigate  ATI  so  far.  The  investigations  extend  existing  measurements  [1,2,3)  into 
the  femtosecond  regime.  The  aim  was  to  observe  ATI.  not  pertured  by  ponderomotive 
effects,  that,  in  the  case  of  longer  pulse  durations,  increase  the  kinetic  energy  of 
the  electrons  after  the  ionization. 

The  laser  source  was  a  colliding-pulse  mode-locked  ring  laser  working  at  620  nm  and 
four  dye  amplifiers  pumped  by  a  frequency  doubled  Q-switched  Nd:YAG  laser.  This  system 
generates  80-fs  pulses  in  the  mJ  range  at  a  10-Hz  repetition  rate.  The  pressure  of 
xenon  gas  was  varied  in  such  a  way  that  no  more  than  20  ionization  events  per  laser 
shot  took  place.  Of  these  50%  were  detected  since  the  electron  spectra  were  recorded 
with  a  magnetic-bottle  spectrometer  |4]  with  an  acceptance  angle  of  2n  sr. 

A  number  of  electron-energy  spectra  at  pulse  energies  varying  from  1 1  to  35  uJ  are 
displayed  in  figure  I.  The  structure  of  ATI  is  clearly  observable  in  all  spectra  |5|. 
comparable  with  the  situation  where  longer  pulses  are  used:  discrete  peaks  are  spaced 
by  the  photon  energy  of  2.00  eV,  Figure  I  shows  that  all  peaks  are  shifted.  The 
shifts  are  caused  by  the  difference  in  AC-Stark  shift  of  the  neutral  ground  state  and 
the  ionic  ground  state,  and  the  fact  that  the  ionized  elections  have  a  quiver  energv' 
in  the  laser  field  of  AE  =  e  l/4m«  (m  and  e  are  the  mass  and  the  charge  of  the 
electron,  w  and  I  are  the  frequency  and  intensity  of  the  laser).  Since  the  shift  is 
dominated  by  this  quiver  energy,  the  relation  between  the  light  intensity  and  the  shift 
of  the  peaks  is  linear.  Such  a  linear  dependence  is  in  agreement  with  the  observations 
in  figure  I  and  leads  to  very  accurate  measurements  of  light  intensities.  In 
experiments  where  longer  pulses  are  used,  the  shift  of  the  ionization  limit  is  not 
detectable  directly  on  the  basis  of  the  kinetic  energy  of  the  ionized  electrons,  since 
electrons  are  accelerated  by  the  ponderemotive  force.  For  short  pulses  the  product  of 
the  ponderomotive  force  and  the  time  that  this  force  acts  on  the  electron  is  too  short 
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Figure  1  Electron-energy  spectrum  measured  after  multiphoton  ionization  of  xenon  with 
620  nm  light  pulses  of  100  fs  duration.  The  energy  of  the  pulses  is  1 1  uJ  for  spectrum 
(a).  24  uJ  for  spectrum  (b),  20  uJ  for  spectrum  (c)  and  35  vJ  for  spectrum  (d).  The 
assumed  shifts  of  the  spectra  to  lower  energy  are  1.7,  4.0.  4.5  and  5.6  eV, 
respectively. 


to  change  the  momentum  of  the  electron,  and  the  shift  of  the  ionization  limit  is 
observed  directly.  An  equivalent  requirement  is  that  the  light  is  switched  off.  on  a 
time  scale  short  compared  to  the  time  that  an  electron  moves  a  distance  of  the  focus 
size.  According  to  this  interpretation,  and  neglecting  the  AC-Stark  shifts  of  the 
ground  state  of  the  initial  atom  and  the  final  ion.  the  spectrum  given  in  figure  Id  is 
measured  at  a  light  intensity  of  1.7-  I014  W/cm2.  When  the  shift  of  the  ion  ground 
state  is  neglected  and  the  shift  of  the  atom  ground  state  is  taken  into  account 
explicitly,  a  light  intensity  of  1.2'  1014  W/cm2  is  found. 

By  measuring  the  ion  signal  it  was  established  that  at  this  laser  intensity  only  a 
small  fraction  (less  than  5%)  of  ionization  events  leads  to  Xe2+  production. 
Apparently,  the  used  light  intensity  is  less  than  the  saturation  intensity  for  the  used 
wavelength,  pulse  duration  and  target  atom.  For  longer  pulses  but  otherwise  similar 
conditions  it  is  known  |3|  that  the  saturation  intensity  is  lower.  A  tentative 
conclusion,  drawn  in  ref  |5|  is  that  the  difference  is  due  to  the  resonance  after 
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absorption  of  six  photons.  In  the  limit  of  short  light  pulses,  this  resonance  will  not 
increase  the  ionization  rate,  in  the  limit  of  long  pulses  this  resonance  is  indeed 
increasing  the  ionization  rate. 
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Recent  development  of  femtosecond  lasers  has  stimulated  interest  in  high 
time-resolution  spectroscopic  methods  using  nonlinear  optical  processes.  In 
order  to  make  sampling  of  fast  transient  luminescence,  a  nonlinear  polariza¬ 
tion  is  induced  in  a  suitable  material  by  an  intense  optical  field  giving 
rise  to  modulation  of  the  refractive  index  or  sum  (difference)-frequency  ge¬ 
neration  as  in  the  optical  Kerr  shutter  and  up  (down)-conversion ,  respectively. 

In  this  report  a  new  method  of  sampling  spectroscopy  based  on  two-photon 
absorption  (TPA)  is  proposed.  Two-photon  resonant  transition  takes  place  in 
an  atomic  vapor  using  one  photon  from  a  pump  wave  and  one  photon  from  the 
luminescence  to  be  examined.  Detection  is  by  the  observation  of  fluores¬ 
cences  from  appropriate  excited  energy  levels,  or  of  ionization  due  to  fur¬ 
ther  excitation  following  the  two-photon  transition.  Time  resolution  is 
limited  only  by  the  pump  duration  time  and  wavelength  selection  is  deter¬ 
mined  by  the  two-photon  transition  frequency  minus  pump-wave  frequency.  Two 
advantages  of  this  method  are  that  time  resolution  is  not  limited  by  disper¬ 
sion  in  the  medium  and  that  luminescence  in  the  deep  UV  can  be  detected. 

Also  by  scanning  the  pump-wave  frequency  the  time-resolved  luminescence 
spectrum  is  obtained. 

Two-photon  transition  rate  is  roughly  estimated  [1]  as  W=  a  iF:t a: F- , 
where  cr-j  and  are  the  absorption  cross  section  and  photon  flux  of  the  in¬ 
cident  beams  (pump  and  luminescence),  respectively,  t  is  a  duration  time 
in  a  virtual  excited  state.  Taking  cr-j  =10_ltcm2  (square  of  a  typical  atomic 
dimension),  t=uj"1  =  10'1  5s  (intermediate  states  are  assumed  to  be  far  from 
one-photon  resonance),  and  F-j  =  1 02  ’photons  cnT2s~ 1  (easi ly  available  from  a 
fl ashl amp-pumped  mode-locked  Nd:YAG  laser),  the  transition  rate  is  W  =  1 0 _ : ? F 2 . 
An  absorption  coefficient  for  the  luminescence  under  the  irradiation  of  the 
pump  pulse  is  then  10"2cm'’  assuming  an  alkali  vapor  of  1  torr.  This  value 
indicates  the  applicability  of  this  method,  if  other  undesirable  linear  or 
nonlinear  processes  are  negligible. 

In  order  to  have  some  idea  of  the  detectability,  TPA  spectra  were  taken 
for  sodium  (3S-5S,  6S,  4D,  and  5D  transitions),  cadmium  ( 5 1 S^5 1 D ) ,  and  mer¬ 
cury  ( 6 1  S-*6 1 D )  vapors  using  an  excimer  laser-pumped  dye  laser.  The  lowest 
pump  energy  required  for  fluorescence  detection  using  a  photomultiplier 
without  data  manipulation  was  about  1  yj  for  sodium  3S--4D,  while  for  an 
excitation  very  close  to  a  one-photon  resonance  the  signal  enhancement  was 
103.  Ionization  detection  was  also  made  by  inserting  a  copper-plate  elect¬ 
rode  (bias  voltage  100-300  V)  into  the  atomic  vapor  oven.  In  most  cases  the 
photon  energy  of  the  pump  wave  was  enough  for  ionization  from  the  two-photon 
excited  state.  The  signal  intensity  was  about  one  order  of  magnitude  higher 
than  in  the  fluorescence  detection,  but  higher  pump  powers  gave  a  background 
signal,  which  was  proportional  to  the  pump  power. 
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We  have  investigates  Lhe  effect  of  an  intermediate  state  on  the  time 
resolution  and  signal  intensity.  Two  sets  of  optical  parametric  generators 
(OPG)  with  0.1  mJ  energy,  30  ps  pulse  width,  and  10  cm-1  bandwidth  pumped  by 
a  third  harmonic  of  a  mode-locked  Nd : YAG  laser  were  operated  such  that  the 
sum-frequency  of  their  outputs  was  resonant  with  the  3S-«6S  two-photon  transi¬ 
tion  in  sodium.  First,  we  tuned  a  single  OPG  to  this  transition  at  549.5  nm 
to  check  the  signal  size  in  the  picosecond  experiment.  A  pump  energy  of  1  uJ 
was  necessary  for  the  fluorescence  detection,  which  is  accidentally  equal  to 
the  detectability  in  the  nanosecond  experiment.  This  is  reasonable  because 
the  effective  pump  power  is  102  times  higher  in  pulse  width  but  10~2  times 
lower  in  bandwidth.  Figure  1  shows  fluorescence  intensities  at  285  nm  (5P-*3S) 
as  a  function  of  relative  delay  time  between  the  two  OPG  outputs.  OPG  wave¬ 
lengths  were  scanned  around  the  3S--3P  resonance.  When  one  of  the  incident 
beams  was  tuned  to  3S—3P,  the  intensity  increased  and  a  long  tail  appeared. 
However  when  the  detuning  (a)  was  increased  the  long  tail  diminished  and 
ultimately  disappeared,  so  that  only  the  cross  correlation  was  observed. 

The  time  constant  of  the  tail  at  A=0  was  about  150  ps,  which  is  two  orders  of 
magnitude  shorter  than  the  lifetime  of  the  3P  state.  Considering  the  D-|  and 
D2  linewidths  (Doppler  width)  of  about  0.1  cm"1,  this  tail  probably  gives  a 
decay  of  a  3S-*3P  coherent  superposed  state.  An  additional  longer  decay  at 
A=0  is  likely  to  be  due  to  the  population  decay  in  3P  state.  We  conclude 
that  for  the  best  time  resolution  intermediate  state  should  be  avoided. 


We  have  applied  the  TPA  sampling  method  to  measurements  of  the  fluores¬ 
cence  decay  of  dye  solutions.  A  second  (or  fourth)  harmonic  of  a  mode-locked 
Nd:YAG  laser  was  used  for  excitation  of  a  dye  solution  and  for  TPA  through 
a  variable  delay  element.  The  pump  and  fluorescence  beams  were  mixed  by  a 
dichroic  mirror  and  focused  into  the  vapor.  Typical  examples  of  the  fluores¬ 
cence  decay  are  shown  in  Fig. 2a  and  b  for  the  fluorescence  and  ionization 
detections,  respectively.  In  Fig. 2a  the  fast  decay  probably  results  from 
amplified  spontaneous  emission  at  the  sampled  wavelength  (462 nm).  From  the 
data  in  Fig. 2b  with  a  nonosecond  decay  (sampled  at  634  nm)  we  can  estimate 
the  energy  of  the  dye  fluorescence  sampled  by  the  10  ps  pump  pulse  to  be 
less  than  1  nJ,  assuming  the  fluorescence  spectral  width  of  100  cm'1.  This 
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Fig.l  Fluorescence  intensities  of  Fig. 2  Fluorescence  decays  of  dye  solu- 
a  sodium  vapor  as  a  function  of  re-  tions  sampled  by  TPA.  Pump  wavelengths 
lative  delay  time  between  two  OPG  are  (a)  266  nm  and  (b)  532  nm 
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Pig. 3  (a)  TPA  spectrum  in 
sodium  vapor  and  (b)  auto¬ 
correlation  trace  using  TPA 
at  578  nm 
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result  is  consistent  with  the  detectabil ity  measurement  described  above  be¬ 
cause  the  product  of  the  effective  incident  powers,  to  which  the  TPA  proba¬ 
bility  is  proportional,  are  comparable. 

We  have  checked  the  app 1 icabi 1 i ty  of  our  method  in  spectroscopic  measure¬ 
ments  using  a  synchronously  pumped  mode-locked  dye  laser.  The  sync-pump  dye 
laser  generates  pulses  at  76  MHz  but  the  peak  power  is  typically  10"3  times 
lower  than  the  required  pump  energy  of  1  pJ,  leading  to  10'6  times  lower 
efficiency.  Signal  integration  over  106  pulses  is  necessary  for  a  comparable 
signal  intensity.  Wavelength  of  the  sync-pump  dye  laser  was  scanned  by 
moving  a  slit  behind  a  dispersive  prism  [2]  in  the  cavity.  Figure  3a  shows 
a  TPA  spectrum  for  sodium  vapor  taken  by  ionization  detection.  Peaks  at  578 
and  602  nm  correspond  to  3S-*4D  and  3S-»5S  transitions,  respectively.  The  in¬ 
tense  central  peak  originates  from  0-line  excitation  followed  by  a  two 
photon  ionization.  We  have  measured  an  autocorrelation  profile  of  the  out¬ 
put  pulses  using  an  autocorrelator,  in  which  a  second  harmonic  crystal  was 
replaced  by  sodium  vapor.  Figure  3b  shows  a  trace  of  an  autocorrelation 
signal  at  578  nm.  It  gave  the  same  shape  as  that  obtained  by  second  harmonic 
generation  except  for  a  large  offset  due  to  TPA  coming  from  an  uninteresting 
region  where  the  two  incident  beams  are  not  overlapped.  This  offset  can  be 
eliminated  by  using  an  atomic  beam  instead  of  the  vapor,  or  by  taking  an 
autocorrelation  at  602  nm  using  circularly  polarized  beams  with  opposite 
senses,  where  TPA  with  Am=± 2  for  sublevel  selection-rule  is  not  allowed  [3]. 
It  is  noted  that  TPA  sampling  method  gives  a  time  resolution  as  high  as  the 
second  harmonic  generation.  TPA  sampling  would  give  a  high  time-resolution 
since  TPA  is  free  from  group-velocity  dispersion  effects.  The  TPA  linewidth 
(0.1  cm'1 2)  of  atomic  vapor  is  much  narrower  than  our  laser  bandwidth.  Never¬ 
theless,  the  autocorrelation  width  in  Fig. 3b,  which  is  shorter  than  the 
reciprocal  of  0.1  cm'1,  indicates  that  a  fraction  in  the  laser  bandwidth 
larger  than  the  TPA  linewidth  can  contribute  to  the  transition. 

A  more  sensitive  measurement  using  an  electron  multiplier  detector  in  the 
atomic  beam  condition  is  now  undertaken.  TPA  sampling  would  be  a  useful 
method  for  high  time-resolution  spectroscopy  particularly  in  the  deep  UV 
region,  where  existing  nonlinear  sampling  techniques  are  not  applicable. 


1.  A.  Gold,  "Two  Photon  Spectroscopy"  in  the  course  of  the  Enrico  Fermi 
School  (Varenna  1967). 

2.  M.D.  Dawson,  T.F.  Boggess,  D.W.  Garvey  and  A.L.  Smirl,  Opt.  Commu.  60,  79(1986). 

3.  M.D.  Levenson  and  N.  Bloembergen,  Phys.Rev.  Lett.  32,  645  (1974J7 
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Application  of  the  Time  Characteristics 
of  Synchrotron  Radiation  to  Transient  Spectroscopy 

T.  Mitatii 1 ,  H.  Okamoto 1 ,  Y.  Takagi 1 ,  /.  Yamazaki 1 ,  M.  Watanabe 1 ,  K.  Fukui 1 , 
S.  Koshihara2,  and  C.  I to 3 

1  Institute  for  Molecular  Science,  Myodaiji,  Okazaki  444,  Japan 
2Faculty  of  Science,  University  of  Tokyo, 

Bunkyo-ku,  Tokyo  113,  Japan 
^Faculty  of  Science,  Nagoya  University,  Chigusa-ku, 

Nagoya  464,  Japan 

Synchrotron  Radiation  (SR)  from  an  electron  storage-ring  can  be  utilized 
as  a  light  source  of  pulses  in  a  wide  spectral  region  from  the  far-infrared 
to  the  soft  X-ray.  A  high  repetition  rate  of  the  pulse  structure  of  the  SR, 
whose  frequency  is  90  MHz  (the  multi-bunch  mode)  or  5.7  MHz  (the  single-bunch 
mode)  with  a  duration  time  of  460  ps  generated  at  the  SR  facility  of  the 
Institute  for  Molecular  Science  as  shown  in  Fig.  1,  is  quite  suitable  for  the 
time-resolved  fluorescence  and  excitation  spectroscopies  in  the  subnanosecond 
time  domain.  In  addition,  a  high  stability  of  the  time  structure  allows  us 
to  synchronize  a  CW  mode-locked  Nd:YAG  laser  (Quantronix  416,  10W)  with  the 
frequency  of  the  SR  pulses  (90  MHz),  A  new  system  of  the  transient 
spectroscopy  has  been  constructed  for  the  first  time  by  using  a  delay-time 
modulation  technique.  This  system  opens  a  unique  possibility  of  expanding  a 
measurable  region  of  transient  spectroscopy  to  infrared  and  far-infrared 
regions,  where  fast  optical  devices  for  detection  have  not  been  developed  as 
yet. 


The  experimental  instrumentation,  a)  for  the  time-resolved  fluorescence 
and  excitation  spectroscopies  and  b)  for  the  transient  absorption 
measurements  is  schematically  illustrated  on  the  right  and  left  sides  of  Fig. 
2,  respectively.  A  typical  number  of  monochromatic  incident  photons  of  the 
SR  is  lCr  0  photons/pulse  with  a  spectral  resolution  of  0.1  %, 

a)  The  time-resolved  synchrotron  spectroscopy  with  the  aid  of  a  time- 
correlated  single-photon  counting  method  has  been  successfully  applied  to 
anthracene  crystals  in  the  excitation  energy  region  of  4-35  eV.[l]  The  time 
decay  of  the  singlet  exciton  (S,)  fluorescence  is  significantly  dependent  on 
exciting  photon  energy,  as  shown  in  Fig.  2.  Corresponding  to  the 
characteristic  behavior  of  these  time  decays,  the  time-resolved  S, 
fluorescence  spectra  presented  in  Fig.  3  show  a  drastic  change  within  a  time 
period  less  than  100  ps,  particularly  in  a  high  energy  region,  which  is 
nearly  in  resonance  with  the  S,  absorption  peak.  Furthermore,  this  short- 
time  fluorescence  has  a  high  quantum  efficiency  when  the  high  exciton  bands 
are  resonantly  excited  by  the  polarized  light  along  the  b-axis.  Possible 
interpretations  of  the  time  correlation  between  excitation  and  fluorescence 
observed  in  the  subnanosecond  time  period  have  been  made  on  the  basis  of  the 
exciton  polariton  model. [1]  These  experimental  results  demonstrate  the 
capability  of  time-correlated  spectroscopy  in  providing  useful  information  on 
the  dynamics  of  the  electronic  state  in  organic  crystals, 

b)  Using  the  tuning  method  of  the  laser  pulses  as  shown  in  Fig.  1,  a  delay 
time  of  the  laser  pulses,  t,,  measured  from  the  peak  position  of  the  SR 
pulses  can  be  modulated  by  applying  an  AC  voltage  (e.g.  200  Hz)  with  an 
amplitude  of  At  as  shown  in  Fig.  4.  A  change  of  the  transmitted  SR  light 


Fig,  2  The  decay  curves  of  the  S, 
fluorescence  of  anthracene  excited 
by  the  b-polarized  light  at  various 
wavelengths  at  77K 


Fig.  3  The  time-resolved  fluorescence 
of  anthracene  excited  at  140nm  at  77K. 
The  origin  of  time  (0  ps)  corresponds 
to  the  time  of  peak  position  of  the 
exciting  pulse 
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Fig.  4  The  delay-time  modulation 
technique  in  the  synchronized  SR 
and  Nd:YAG  laser  system 


induced  by  the  modulated  irradiation  of  the  laser  beam,  which  is  sensitively 
dependent  on  t.,  is  detected  by  a  phase-sensitive  lock-in  amplifier  as  a 
modulation  signal  of  the  absorption  coefficient. 

The  resolution  of  time  in  this  transient  spectroscopy  is  limited  by  both  of 
the  rise  time  of  the  SR  pulses  and  the  pulse  width  of  the  laser,  which  was 
checked  by  the  single-photon  counting  system  to  be  within  50  ps.  These  time 
characteristics  of  this  system  are  in  contrast  to  those  obtained  by  the 
transient  spectroscopy  using  a  N„-laser[2],  in  which  the  SR  was  used  as  a 
continuous  light  source,  and  by  the  two-photon  absorption  spectroscopy  using 
the  Q-switch  Nd : YAG  laser  pulses  with  the  pulse  width  of  15  ns,  which  were 
synchronized  with  one  of  the  SR  pulses  at  the  frequency  of  30  Hz [ 3 ] .  In  this 
sense,  the  present  system  is  considered  to  have  a  high  sensitivity  and  to  be 
suitable  for  the  two-step  transient  absorption  measurements  under  a 
relatively  low  density  of  excitations  in  a  short  time  period  (0.05  -  11  ns). 
Furthermore,  a  spurious  signal  due  to  a  thermal  change  of  the  sample  by  a 
shot  of  intensive  laser  pulse,  which  occasionally  causes  a  serious  problem  in 
low  frequency  modulation  spectroscopy  in  solids,  may  be  removed  from  the 
modulation  signals,  since  it  would  not  follow  the  high  repetition  rate  of 
pulses.  As  an  experimental  test  of  the  ability  of  this  system,  the  transient 
absorption  spectra  of  R6G  dye  in  an  aqueous  solution  has  been  measured  in  the 
visible  region.  The  results  were  almost  in  agreement  with  those  obtained  by 
standard  laser  spectroscopy.  It  is  possible  to  expand  the  measurable  energy 
region  of  this  system  to  the  infrared  or  vacuum  ultra-violet  region,  which  is 
now  in  progress. 

1.  T.  Mitani,  T.  Yamanaka,  M.  Suzui,  T.  Horigome,  K„  Hayakawa,  and 
I.  Yamazaki,  J.  Luminescence  39,  313  (1988). 

2.  V.  Saile,  Appl.  Opt.  ]9_,  4115  (1980). 

3.  R.  Pizzoferrato,  M„  Casalboni,  R.  Francini,  U.M.  Grassano,  F.  Amtonangeli, 
M.  Piacentini,  N.  Zema,  and  F.  Bassani ,  Europhys.  Lett.  2_,  571  (1986). 
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Part  VIII 


Dynamics  on  Surfaces 
and  at  Interfaces 


Femtosecond  Laser  Photoionization  Mass  Spectrometry 
of  Molecules  on  Surfaces 

S.V.  Chekalin,  V.V.  Golovlev,  A.A.  Kozlov,  V.S.  Letokhov,  Y.A.  Matveetz, 
andA.P.  Yartsev 

Institute  of  Spectroscopy,  USSR  Academy  of  Sciences, 

Troitzk,  142092  Moscow  Region,  USSR 


1 .  Introduction 


The  exit  point  of  a  photoelectron  or  a  photoion  is  localized  with 
an  indeterminacy  much  lower  than  the  laser  wavelength.  Indeed, 
the  principal  localization  limit  is  determined  by  the  Heisenberg 
indeterminacy  principle,  i.e.,  by  the  de  Broglie  wavelength  for 
the  photoelectron  (photoion) ,  which  at  thermal  energies  comes  to 

1  0  -  0 . 1  A . 

This  makes  it  possible  to  utilize  the  resonant  photoioniza¬ 
tion  of  molecules  for  their  imaging  with  a  spatial  resolution 
of  a  few  angstrom  units  in  a  device  the  type  of  a  photoion  (or 
photoelectron)  microscope  proposed  by  Letokhov  [1,2].  The  high¬ 
est  spatial  resolution  should  be  inherent  in  a  photoior  projec¬ 
tor  based  on  the  photodetachment  of  certain  chromophores .  This 
seems  to  be  of  special  interest  in  revealing  the  sequence  of  ba¬ 
ses  in  nucleic  acids  or  the  sequence  of  amino  acids  in  proteins. 

To  develop  a  photoion  microscope,  it  is  necessary  to  learn 
now  to  detach  with  a  laser  pulse  a  chromophore  from  a  large  mo¬ 
lecule  adsorbed  on  the  projector  tip  surface.  Apparently  ultra¬ 
fast  laser  excitation  is  in  principle  capable  of  depositing  thro¬ 
ugh  multiple-photon  processes  a  substantial  amount  of  energy  in 
the  chromophore,  which  gives  reason  to  expect  that  it  will  be 
ionized  and  detached  from  the  molecule.  As  no  such  process  was 
known,  we  have  launched  a  few  years  ago  investigations  into  the 
photoionization  of  surface  molecules. 

When  irradiating  molecular  crystals  with  nanosecond  UV  laser 
pulses  [3]  and  picosecond  visible  laser  pulses  [4]  falling  with¬ 
in  the  electronic  absorption  band  of  the  crystals,  the  resulting 
molecular  ions  were  found  to  be  produced  without  perceptible  frag 
mentation.  The  mechanism  of  this  phenomenon  (thermal  desorption 
of  molecules,  followed  by  their  resonant  stepwise  photoionization 
in  vacuo)  was  suggested  and  verified  by  experiment  in  [5]  for  UV 
laser  pulses  of  moderate  intensity.  The  experiments  [6]  on  irra¬ 
diating  a  complex  molecule  containing  an  aromatic  chromophore 
with  UV  laser  pulses  5  ps  in  duration  revealed  a  rise  of  the  chro 
mophore  peak  in  the  mass  spectrum.  But  to  examine  the  formation 
of  ions  directly  on  the  sample  surface,  with  the  desorption  of 
neutral  molecules  being  excluded,  use  should  be  made  of  subpico¬ 
second  laser  pulses,  for  in  that  case  one  can  guarantee  that  no 
neutral  molecule  will  have  enough  time  to  move  away  from  the  sur¬ 
face  for  more  than  0.3  nm  during  the  laser  pulse  [5],  The  experi¬ 
ments  [7,8]  on  the  femtosecond  desorption  of  ions  showed  the  me- 
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chanism  of  production  and  detachment  of  ions  in  this  case  to  be 
substantially  different  from  the  one  indicated  above. 

In  this  paper,  we  present  the  results  of  our  recent  experi¬ 
ments  on  the  femtosecond  photoionizatrion  of  large  molecules,  par¬ 
ticularly  tryptophan  and  tryptophan-containing  proteins,  which 
point  to  the  real  possibility  of  detaching  a  chromophore  from  a 
surface  molecule. 

2.  Experimental  Technique 

The  experiments  were  conducted  with  the  aid  of  a  standard  photo¬ 
ionization  time-of -f 1 ight  mass  spectrometer  like,  for  example, 
the  one  described  in  [3 ,5^.  The  vacuum  in  the  instrument's  cham¬ 
ber  was  kept  at  10”^-  10  Torr.  The  laser  radiation  (300-fs  pul¬ 
ses  10-4J  in  energy  at  30b  nm  and  up  to  10_2J  in  energy  at  615  nm) 
was  incident  upon  the  sample  at  a  grazing  angle  of  80°  and  was 
focused  upon  it  with  a  lens  1 0  or  20  cm  in  focal  length.  In  the 
experiments,  we  observed  the  mass  spectra  of  the  ions  produced 
upon  irradiation  of  the  sample  and  measured  the  threshold  energy 
densities  at  which  these  spectra  appeared.  The  detection  limit 
of  our  time-of-f light  mass  spectrometer,  at  which  mass  spectra 
could  still  be  registered  reliably,  corresponded  to  the  arrival 
of  some  102  -  102  ions  at  the  detector  (a  secondary  electron  mul¬ 
tiplier).  The  kinetic  energy  distribution  of  the  ions  was  found 
from  the  shape  of  the  respective  mass  peaks.  The  data  obtained 
were  compared  with  the  same  spectra  resulting  from  irradiation 
of  the  same  samples  and  with  the  same  geometry  of  experiment  with 
15-ns  pulses  at  308  ns  from  a  pulsed  XeCl  laser  or  with  10-ns 
pulses  at  630  nm  from  a  pulsed  Q-switched  laser. 

Figure  1  shows  schematic  diagrams  of  irradiation  of  molecules 
in  the  photoionization  mass  spectrometer  chamber  with  femtosecond 
and  nanosecond  laser  j.  .l^es  and  their  combinations. 


a  b  c 

Fig.  1.  Schematic  diagrams  of  sample  surface  irradiation  in 
the  photoionization  mass  spectrometer  chamber:  a) Irradiation 
with  a  single  femtosecond  or  nanosecond  pulse;  b) Desorption 
of  molecules  from  the  sample  surface  with  a  femtosecond  or 
nanosecond  pulse,  followed  by  their  photoionization  with  a  se¬ 
cond  pulse  of  nanosecond  duration;  c) Irradiation  with  two  fem¬ 
tosecond  pulses.  The  second  pulse  is  delayed  relative  to  the 
first  by  a  few  picoseconds. 
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3.  Experiments  with  Try  and  Try-Containing  Tripeptide 


The  experiments  revealed  some  specific  features  which  are  espe¬ 
cially  evident  from  comparison  between  the  mass  spectra  resulting 
from  irradiation  with  femtosecond  and  nanosecond  laser  pulses  in 
the  UV  (308  nm)  and  visible  (620  nm)  regions  of  the  spectrum. 

The  degree  of  fragmentation  depends  on  both  the  laser  pulse 
duration  and  wavelength.  Figure  2  shows  the  mass  spectra  obtained 
upon  irradiation  of  a  pure  tryptophan  powder  and  indicates  the 
corresponding  laser  pulse  parameters.  The  UV  pulse  effects  the 
multiple-photon  ionization  of  Trp  through  the  resonant  state, 
while  the  visible  pulse,  the  multiple-photon  ionization  and  two- 
photon  excitation  of  the  state.  As  can  be  seen  from  compari¬ 
son  between  the  mass  spectra  of  Figs.  2a  and  c,  the  ionization 
of  the  Trp  chromophore  is  predominant  in  the  latter  case. 

Of  particular  interest  is  the  pulse-duration  dependence  of 
the  threshold  energy  density  Ethr  for  the  appearance  of  mass 
spectra  (Fig.  3)  in  the  case  of  the  multiple-photon  UV  ioniza¬ 
tion  of  the  Trp  Gly  Ala  tripeptide.  It  is  clearly  seen  that  the 
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Fig.  2.  Positive  ion  mass 
spectra  obtained  upon  irra¬ 
diation  of  tryptophan  with 
single  laser  pulses  at  a 
wavelength  of  308  nm  and 
620  nm.  The  pulse  duration 
and  irradiation  energy  den¬ 
sity  are  indicated  on  the 
left. 


Fig.  3.  Threshold  energy 
density  for  the  appearance 
of  the  tripeptide  mass  spe¬ 
ctrum  as  a  function  of  the 
UV  laser  pulse  duration 
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threshold  energy  fluence  is  reduced  by  a  factor  of  10  in  the  case 
of  irradiation  with  femtosecond  pulses.  The  same  effect  is  ob¬ 
served  with  the  pure  tryptophan  powder.  The  threshold  energy 
density  for  the  appearance  of  the  300-fs  pulse  mass  spectrum 
fs  -3  2  92 

E, ,  =  10  J/cm  (3  x  10  W/cm  )  ,  is  by  an  order  of  mninitude 

thr  n 

ns  -2  Z 

lower  than  that  of  the  1 5-ns  pulse  mass  spectrum,  -  10  J/cm 

(6  x  105  W/cm2) . 

It  should  be  noted  that  the  observed  mass  spectra  are  of  pho¬ 
toionization  origin  and  have  no  relation  to  the  formation  of 
plasma  due  to  a  strong  heating  of  the  irradiated  surface.  The 
formation  of  plasma  at  high  energy  densities  (observed  only  upon 
irradiation  with  nanosecond  pulses) becomes  clearly  manifest  in 
the  character  of  the  mass  spectrum:  it  loses  its  sharply  defined 
structure.  Besides,  the  surface  heating  was  estimated  (10-100  deg) 
This  value  is  insufficient  for  plasma  formation. 

The  kinetic  energies  of  the  ions  observed  upon  irradiation 
with  femtosecond  pulses  are  much  higher  than  in  the  case  of  ir¬ 
radiation  with  nanosecond  pulses,  the  distribution  width  does  not 
exceed  1  eV  (the  spread  function  of  the  instrument),  while  for 
300-fs  pulses,  this  width  amounts  to  25  eV .  What  is  more,  the 
distribution  maximum  in  the  case  of  excitation  with  the  femtose¬ 
cond  pulses  is  shifted  a  few  tens  of  electron-volts  towards  the 
high-energy  side,  the  shift  reaching  its  maximum  for  the  light¬ 
est  mass  (R  )  and  diminishing  with  increasing  mass. 

The  experimental  results  listed  above  suggest  that  the  mecha¬ 
nisms  by  which  ions  are  produced  upon  irradiation  with  nanose¬ 
cond  and  femtosecond  pulses  are  different.  We  ran  a  series  of  ad¬ 
ditional  experiments  which  allowed  us  to  reveal  the  role  of  local 
electric  fields  in  the  desorption  and  acceleration  of  the  ions. 

First,  it  was  found  that  the  velocity  of  the  neutral  fragments 
desorbed  by  the  300-fs  laser  pulses  did  not  exceed  the  thermal 
value.  For  this  purpose,  an  excimer  laser  beam  was  passed  0.5mm 
above  and  parallel  to  the  sample  surface,  which  ionized  the  frag¬ 
ments  in  the  gas  phase  (Fig.  1b).  The  excimer  laser  pulse  was  de¬ 
layed  relative  to  the  300-fs  pulse  for  a  time  from  a  few  tens  of 
nanoseconds  (delay  accuracy)  to  several  tens  of  microseconds.  The 
experimental  conditions  were  selected  so  that  no  pulse  taken  se¬ 
parately  yielded  any  ion  signal.  The  width  of  the  ion  peaks  ob¬ 
served  in  that  case  corresponded  to  ion  energies  of  no  more  than 
1  eV. 

Second,  we  observed  the  change  of  the  kinetic  energy  distri¬ 
bution  of  the  desorbed  chromophore  ions  upon  irradiation  (using 
the  geometry  of  Fig.  1c)  of  the  sample  with  two  identical  femto¬ 
second  laser  pulses  with  a  spacing  of  At  =  7  ps.  To  generate 
the  femtosecond  double  pulse,  one  half  of  the  laser  beam  cross 
section  was  shut  off  with  a  plane-parallel  quartz  plate  4  . 2  mm 
in  thickness.  In  that  case  the  proportion  of  low-energy  peaks  in 
the  kinetic  energy  distribution  of  the  ions  increased.  In  the  ca¬ 
se  of  double-pulse  irradiation,  some  ions  apparently  form  from 
the  neutrals  that  have  moved  within  7  ps  a  few  tens  of  angstrom 
units  away  from  the  sample  surface,  these  ions  acquiring  much  lo¬ 
wer  velocities  than  those  formed  on  the  surface. 
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0.5  V/A)  are  fairly  strong  and  can  substantially 
ir  desorption  from  the  sample  surface  by  compensa 
feet  of  polarization  of  the  medium. 

The  role  of  local  electric  fields  in  the  accel 
also  agrees  with  the  results  of  the  experiments  [ 
second  laser  pulse  desorption  of  ions  formed  on  t 
polycrystalline  metal-free  phthaiocyanine  crystal 
the  kinetic  energies  of  the  ions  did  not  exceed  1 
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The  above  experiments  have  demonstrated  that  the  femtosecond  pul¬ 
ses  are  capable  of  detaching  the  chiomophoro  ion  from  a  molecule 
located  directly  on  the  sample  surface.  The  mass  spectra  them¬ 
selves  might  be  used  as  a  source  of  information  on  the  location 
and  surroundings  of  chromophores  when  studying  more  complex  mo¬ 
lecules.  For  example,  if  a  tryptophan  molecule  is  located  on  the 
surface  of  a  protein  glcbule,  an  ion  can  be  desorbed.  But  if  it 
is  inside  the  globule,  the  ion  formed  will  apparently  not  be  able 
to  escape.  Thus,  the  ion  signal  may  depend  not  only  on  the  con¬ 
centration  of  the  chromcphore  being  excited,  but  also  on  its  lo¬ 
cation  in  the  globule. 

To  investigate  these  possibilities,  we  ran  preliminary  expe¬ 
riments  on  the  photoionization  mass  spectroscopy  of  samples  con¬ 
taining  relatively  small  amounts  of  Trp.  Taken  as  the  objects  of 
study  were  crystalline  proteins  Ig  Bovine,  Ig  G  Rabbit,  and  Albu- 
mine  Human .  The  absorption  of  the  protein  in  the  spectral  range 
280-310  nm  is  determined  mainly  by  tryptophan.  The  photoioniza¬ 
tion  mass  spectra  of  all  samples  featured  mass  peaks  typical  of 
tryptophan.  The  intensity  distribution  of  these  peaks  is  appro¬ 
ximately  the  same  as  the  one  obtained  for  pure  tryptophan  under 
similar  conditions.  The  main  difference  between  the  spectra  for 
the  300-fs  UV  or  visible  pulses  is  that  the  kinetic  energy  of 
the  ions  from  IgB,  for  example,  does  not  exceed  3  eV.  Also,  tne 
kinetic  energy  distribution  of  the  ions  is  substantially  narro¬ 
wer  than  in  the  case  of  pure  tryptophan  or  tripeptide.  This  ap¬ 
parently  points  to  the  absence  of  strong  electric  microfields 
at  the  surface  of  the  IgB  sample. 

5.  Conclusion 

The  experiments  briefly  described  in  the  present  paper  demonst¬ 
rate  that  femtosecond  laser  pulses  offer  new  opportunities  for 
the  resonant  multiple-photon  ionization  mass  spectrometry  of 
polyatomic  surface  molecules. 

First,  the  fast  femtosecond  excitation  makes  it  possible  to 
produce  molecular  and  fragmentation  ions  directly  on  the  surface 
being  irradiated.  The  kinetic  energies  of  the  ions  can  help  one 
to  judge  about  the  electric  fields  on  the  surface.  Of  considera- 
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ble  interest  is  the  femtosecond  double-pulse  irradiation  techni¬ 
que  whereby  the  first  pulse  desorbs  neutral  molecules  from  the 
surface  and  the  second  effects  their  resonant  photoionization  at 
some  controllable  distance  from  the  surface.  This  technique  extends 
the  experimental  studies  started  in  [10]  and  opens  up  new  possibi¬ 
lities  for  investigation  into  the  molecular  ion-surface  interac¬ 
tion  . 

Second,  two-photon  excitation  with  an  intense  femtosecond  pul¬ 
se  makes  it  possible  to  improve  the  selectivity  of  ionization  of 
the  chromophore  (tryptophan  in  our  case)  in  large  molecules.  This 
is  of  interest  in  the  photoionization  mass  spectrometry  of  bioor- 
ganic  chain  molecules. 

And,  finally,  the  femtosecond  excitation  and  ionization  of 
chromophores  in  large  globular  molecules  are  sensitive  to  whether 
the  chromophores  are  located  on  the  surface  or  inside  the  mole¬ 
cules.  This  allows  one  to  use  the  femtosecond  photoionization 
mass  spectrometry  for  studying  the  three-dimensional  structure  of 
bioorganic  molecules. 
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1 .  Introduction 


When  intense  picosecond  laser  pulses  are  incident  on  strongly  absorbing 
semiconductors  the  surface  is  heated  up  in  a  time  comparable  with  the  pulse 
duration.  The  rapid  rise  of  the  surface  temperature  is  accompanied  by  ul¬ 
trafast  sublimation  and  desorption  of  atoms  and  molecules  from  the  surface. 
For  sufficiently  high  pulse  energy,  melting  and  vaporization  of  the  material 
may  occur.  With  picosecond  laser  heating  these  processes  occur  at  unpre¬ 
cedented  high  rates.  Interesting  phenomena  such  as  highly  superheated  tran¬ 
sient  phases  can  be  observed  and  new  distinct  surface  phenomena  may  be  ex¬ 
pected.  Here,  we  report  measurements  of  picosecond  time-resolved  desorption 
of  atoms  and  molecular  radicals  from  lasei — heated  surfaces  and  measurements 
of  the  ultrafast  melting  kinetics  in  Si  and  GaAs. 

2.  Picosecond  Laser  Mass  Spectroscopy 

We  demonstrate  the  extension  of  laser  photoionization  mass  spectroscopy  to 
the  picosecond  time  regime  enabling  the  observation  of  ultrafast  evapora¬ 
tion  and  desorption.  A  pump-probe  scheme  is  used  in  which  the  surface  is 
heated  up  by  a  pump  pulse  causing  desorption  of  particles.  An  intense  UV 
probe  pulse  following  after  some  delay  time  photoionizes  the  desorbed  neu¬ 
tral  particles  via  multiphoton  processes.  The  photoions  are  detected  with  a 
time-of-flight  mass  spectrometer  (TOFMS). 

Figure  1  shows  a  typical  TOF  mass  spectrum  obtained  from  a  GaAs  (100) 
surface  after  exposure  to  a  single  25  ps  heating  pulse  at  532  nm  followed 
by  a  266  nm  photoionization  probe  pulse  after  75  ps.  The  energy  fluence  of 
the  heating  pulse  in  our  laser  desorption  experiments  was  much  less  than 
the  threshold  fluence  for  melting  (45  mJ/cm2).  From  the  measured  flight 
times  we  readily  identify  6,Ga+  and  71Ga+,  the  two  common  isotopes  of  gal¬ 
lium,  and  molecular  arsenic,  As2  +  ,  As,  +  ,  and  As„+.  The  atomic  As+-signal 
was  very  weak.  The  group  of  line  near  156  amu  is  attributed  to  Ga20+-radi- 
cals  from  desorption  of  surface  oxides.  The  strong  alkali  lines  presumably 
originate  from  the  chemical  agents  used  during  wafer  surface  preparation. 

By  varying  the  delay  time  of  the  photoionization  pulse  (probe  pulse)  the 
desorption  kinetics  of  each  species  can  be  measured.  As  an  example  the  mea¬ 
sured  Ga20+-signal  is  shown  as  a  function  of  delay  time  in  Fig.  2.  A  mono¬ 
tonic  step-like  increase  of  the  signal  to  an  approximately  constant  level 
is  observed.  The  risetime  is  about  50  ps.  The  relatively  large  scatter  of 
the  data  is  due  to  spatial  surface  inhomogenieties  which  cause  changes  of 
the  signal  when  the  surface  is  raster-scanned  during  the  measurement. 

The  data  in  Fig.  2  are  consistent  with  simple  first  order  thermal 
desorption  of  neutrals  followed  by  probe  pulse  photoionization.  We  have 
calculated  the  surface  temperature  using  a  detailed  numerical  code  of  laser 
surface  heating.  The  dashed  curve  in  Fig.  2  shows  the  calculated  number  of 
desorbed  particles  as  a  function  of  time  convoluted  with  the  probe  pulse  to 
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FIG.  1:  TOF  mass  spectrum  from  a 
GaA.s  surface 


FIG.  2:  Ga20+-desorption  signal 
vs.  delay  time 


take  into  account  p'notoionization.  A  good  fit  of  the  experimental  data  is 
obtained  with  an  activation  energy  A  =  1.2  eV. 

3.  Optical  Reflectivity  Measurements 

Increase  of  the  pump  pulse  energy  fluence  eventually  leads  to  melting  of 
the  surface.  In  Si  and  GaAs  melting  is  associated  with  a  strong  increase  of 
the  optical  reflectivity  due  to  the  development  of  a  metallic  liquid  sur¬ 
face  layer.  Detailed  information  about  the  kinetics  of  the  solid-liquid 
phase  transformation  can  be  obtained  from  time-resolved  reflectivity  meas¬ 
urements.  However,  the  reflectivity  increase  due  to  melting  often  competes 
with  reflectivity  changes  caused  by  other  processes.  For  instance,  lattice 
heating  leads  to  an  increase  of  the  reflectivity  of  Si  and  GaAs  in  the  vis¬ 
ible  spectrum,  whereas  the  excitation  of  a  dense  electron-hole  plasma  by 
the  pump  pulse  causes  a  decrease  of  the  reflectivity  in  the  infrared  [1], 
Figure  3  shows  two  examples  of  the  measured  reflectivity  change  of  Si  at 
532  nm  during  and  after  photoexcitation  by  a  20  ps  UV  pulse  (266  nm):  (a) 
and  (c)  correspond  to  an  energy  fluence  of  45  mJ/cm2  slightly  above  the 
melting  threshold  and  to  80  mJ/cm2,  respectively.  The  experimental  data  are 
compared  with  two  different  melting  models  [2]  (solid  curves):  (a,c)  inter¬ 
face  motion  limited  by  the  kinetics  of  atomic  rearrangement;  (b,d)  heat- 
flow  controlled  interface  motion.  The  first  allows  for  dynamic  superheat¬ 
ing  of  the  solid,  whereas  in  the  second  the  temperature  of  the  solid  never 
exceeds  the  melting  point.  In  the  superheating  model  the  reflectivity  rise 
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FIG.  3:  Reflectivity  of  Si  vs. 
delay  time  for  two  fluences 


FIG.  Melt  depth  in  GaAs  vs. 
delay  time  for  rising  fluence 


is  dominated  by  the  increase  of  the  reflectivity  of  the  superheated  solid, 
and  the  reflectivity  maximum  coincides  with  the  maximum  of  the  surface  tem¬ 
perature  (left  arrow),  whereas  the  melt  depth  maximum  (right  arrow)  occurs 
at  later  times.  On  the  other  hand,  the  reflectivity  rise  is  dominated  by 
the  developing  liquid  layer  when  superheating  is  neglected.  In  this  case 
the  reflectivity  maximum  corresponds  to  the  maximum  melt  depth  (b  and  d). 
Note  that  the  two  models  predict  rather  different  time  behavior  of  the  ref¬ 
lectivity.  The  comparison  with  the  experimental  data  indicates  that  a  much 
better  agreement  is  obtained  when  superheating  effects  are  included. 

The  contributions  to  the  pump-induced  reflectivity  changes  from  lattice 
heating  are  substantially  reduced  in  the  spectral  region  in  the  near  infra¬ 
red.  In  fact  it  can  be  shown  that  in  Si  and  GaAs  the  reflectivity  changes 
are  to  a  very  good  approximation  determined  by  the  thickness  of  the  molten 
layer  when  p-polarized  probe  pulses  at  1064  nm  incident  at  the  principal 
angle  are  used  [3].  In  this  case  the  instantaneous  melt  depth  and  the  velo¬ 
city  of  the  liquid-solid  interface  can  be  obtained  from  the  time-resolved 
reflectivity  measurements.  Examples  of  melt  depths  for  GaAs  are  shown  in 
Fig. 4  for  different  values  of  the  energy  fluence  of  the  532  nm  heating 
pulses.  At  the  beginning  of  melting  the  thickness  of  the  liquid  layer  in¬ 
creases  very  rapidly.  The  melt  depth  reaches  a  maximum  100  to  200  ps  after 
the  heating  pulse.  The  melting  velocities  are  given  by  the  slope  of  the 
curves.  We  find  that  the  maximum  melt-in  velocity  increases  from  about 
70  m/s  near  threshold  to  almost  800  m/s  for  twice  the  threshold  fluence. 
Somewhat  higher  velocities  have  been  observed  in  silicon  [3]. 


4.  Conclusions 

A  method  of  ps-photoionization  mass  spectroscopy  has  been  introduced  and 
applied  to  studies  of  time-resolved  desorption  from  laser-heated  GaAs  sur- 
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faces.  Optical  reflectivity  measurements  give  clear  indication  of  super¬ 
heating  of  the  solid  phase  and  have  enabled  measurements  of  melt-in  veloci¬ 
ties  approaching  1000  m/s. 
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Department  of  Chemistry,  University  of  Rochester, 

Rochester,  NY  14627,  USA 


One  of  the  most  fundamental  steps  m  many  surface  reaction  processes  is  that 
of  interfacial  electron  transfer.  The  exact  mechanism  of  electron  transfer  at 
surfaces  needs  to  be  established  to  reali2e  rational  control  of  the  surface 
chemistry.  To  study  the  dynamics  of  surface  electron  transfer  processes, 
three,  highly  surface  specific,  optical  probes  have  been  developed  in  conjunc¬ 
tion  with  semiconductor  liquid  junctions.  These  are  surface  restricted  tran¬ 
sient  gratings,  optically  generated  surface  acoustic  waves,  and  in-situ 
electro-optic  sampling  of  surface  space  charge  fields.  These  three  optical 
probes  have  been  employed  to  measure  interfacial  carrier  population  dynamics, 
interface  structure  and  carrier  thermal ization ,  and  surface  transport  respec¬ 
tively  at  Ti02(00t)  and  GaAs(IOO)  interfaces. 

The  laser  system  used  for  these  studies  consisted  of  fiber  optic  compressed 
3  psec  pulses  from  a  y-switohed  and  mode  locked  TAG  laser.  Above  band  gap  ex¬ 
citation  for  the  Ti02  ( GaAs)  studies  was  at  35b  nm  (532  nm)  and  the  below  gap 
probe  at  532  nm  (1,064pm).  The  GaA3  studies  and  surface  acoustic  studies  were 
conducted  with  -100  psec  pulses  from  the  uncompressed  YAC  output.  Surfaces 
were  chemically  etched  and  characterized  using  standard  electrochemical  proce¬ 
dures. 

Grating  studies  of  Ti02(001  )  surfaces  were  conducted  both  in  air  and  in  the 
presence  of  an  aqueous  liquid  junction  of  PH=13-5.  The  in  air  studies  serve 
as  a  control  to  determine  the  surface  induced  electron-hole  pair  recombination 
under  flat  band  or  zero  field  conditions.  The  in-air  decays  are  non-exponen¬ 
tial  and  are  well  described  by  the  ambipolar  diffusion  controlled  kinetic  mo¬ 
del  of  HOFFMAN  et  al./1/  (see  insert  to  Fig.  1).  For  highly  doped  samples 
(10‘Vcm3)  in  the  presence  of  1  eV  of  band  bending,  500A  wide  space  cnarge 
field,  (determined  relative  to  an  SCS  reference  electrode)  the  decays  showed  a 
40*  component  with  a  decay  time  of  460  psec.  In  the  presence  of  the  space 
charge  field  tne  electron-hole  pairs  separate  and  are  prevented  from  recombi¬ 
nation.  At  the  lowest  excitation  level  ( 3x1 0 1 B/cm3 ) ,  the  space  charge  field 
is  screened  by  -30*.  Nevertheless  the  transport  of  minority  hole  carriers, 
generated  within  the  space  charge  field,  is  increased  by  the  electric  field. 
Transit  times  for  these  carriers  to  the  surface  are  on  a  1 0  psec  time  scale. 
The  slow  460  psec  decay  observed  indicates  that  the  holes  accumulate  at  the 
surface,  and  thermalize  before  interfacial  transfer.  The  observed  dynamics  in 
connection  with  the  high  quantum  yield  for  interfacial  hole  transfer  OdO*) 
are  consistent  with  OH  as  the  initial  hole  acceptor.  However,  chemisorbed 
0Hs  cannot  be  conclusively  ruled  out  as  the  initial  acceptor. 

Optical  excitation  of  surface  acoustics  (SAWs)  by  non-rad iat ive  carrier  re¬ 
laxation  was  also  employed  to  study  the  Ti02  interface.  The  SAWs  are  observa¬ 
ble  as  oscillations  in  the  diffracted  signal  that  arises  from  surface  corruga¬ 
tion  effects  accompanying  SAW  propagation.  The  increase  in  the  SAW  amplitude 
and  rapid  decay  in  the  electron-hole  pair  phase  grating  demonstrate  that  Auger 
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Fig.  1.  TiOj  grating  studies  Curve  A:  Ti02  (001)  in  air,  excitation  level 
1  020  photocarriers/cm3. 

Curve  B:  TiG2/H20,  excitation  level  1  02  0  photocarriers/cm3. 

Inset:  TiOj  in  air  (small  SAW  modulations  subtracted)  low 
excitation  conditions,  3x10le/cm3.  Theoretical  fit  is  the  solid 
line  using  a  surface  recombination  velocity  (S)  of  10“cm/  sec. 


recombination  processes  start  to  dominate  at  excitation  levels  above  3x10**/ 
cm3.  (TiOj  in  air,  curve  A,  Fig.  1).  a  study  of  the  bounded  Ti02/H20  inter¬ 
face  found  the  appearance  of  an  anomolous  high  velocity  interfaoial  acoustic 
mode  travelling  in  the  water  half  space  (Fig.  1  curve  t)  -  indicated  by  ar¬ 
rows).  The  speed  of  sound  of  tnis  mode  (A. A  ±  .2  X  10*  cm/sec)  corresponds 
more  closely  to  ice  than  bulk  phase  water  and  indicates  a  phase  restructuring 
at  the  Ti02/H20  interface.  This  result  demonstrates  that  H20  is  strongly  per¬ 
turbed  by  the  polar  Tio2  surface  and  bulk  dielectric  properties  cannot  be  used 
at  the  interface  in  describing  the  dielectric  relaxation  processes  of  electron 
transfer . 

Similar  studies  were  conducted  on  Si  doped  GaAs  (100)  surfaces.  In  contrast 
to  Ti02 ,  GaAs  (100)  in  air  does  not  illustrate  flat  band  recombination  dyna¬ 
mics  except  at  high  carrier  injection  levels  of  10* ’/cm3  or  greater  (Fig.  2 
curve  A).  As  the  excitation  level  is  decreased,  the  signal  intensity  at  t>3 
nsec  is  found  to  be  saturated  for  over  two  orders  of  magnitude  (Fig.  2  curves 
B  and  C) .  Proper  signal  scaling  is  not  observed  until  excitation  conditions 
correspond  to  less  than  1  0  3  2  photons/cm3  -  which  corresponds  to  typical  sur¬ 
face  state  densities.  The  observed  saturated  signal  is  attributed  to  long 
lived  surface  state  traps.  To  further  confirm  that  the  signal  arises  from 
surface  states,  the  surface  was  photowashed  using  1-2  W/cm2  from  an  Ar 
laser. [2]  Photowashing  the  first  few  atomic  layers  off  the  surface  eliminated 
the  signal  and  flat  band  dynamics  were  observed.  It  is  noteworthy,  that  the 
diffraction  efficiency  from  the  surface  states  is  significantly  higher  than 
the  free  carriers.  The  enhanced  phase  grating  component  suggests  a  highly  de¬ 
localized  (excitonic)  electronic  state  for  the  filled  surface  states  of  GaAs 
rather  than  a  localized  one.  However,  photorefractive  effects  may  be  respon¬ 
sible  for  the  surface  state  detection. [3] 
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Fig.  2.  Grating  studies  of  Gafts 
(100)  doping  7x10*7/cm3  in  air. 
Curve  A:  excitation  level 
1  .  8x1  0 1 ’/cm5 ,  dots  are  the  data 
points,  solid  curve  is  a 
theoretical  fit  with  S  »  3x1 06 
cm/sec. 

Curve  B:  excitation  level 
2.8x10*  7/cm3 

Curve  C:  excitation  level 

7.2x1 0‘6/cm3  similar  results  found 

for  other  doping  levels 


0.0  t.O  2.0  3.0  4.0 


Time  (  nsec.  ) 


Time  ( nsec. ) 


Fig.  3.  A:  Electro-optic  sampling  studies  of  n-GaAs  (100)  in  air,  excitation 
level  3x10* ’/cm3.  The  solid  line  is  a  theoretical  fit  with  S-3xl06  cm/3ec 
B:  excitation  level  1x10‘7/cm3 


T".  'It-’To-optic  sampling  (EOS)  studies  were  also  conducted  of  the 

space  charge  field.  At  high  carrier  levels,  the  intrinsic  space  charge  field 
is  completely  screened.  The  field  that  develops  is  well  described  by  the  pho- 
to-Dember  effect  with  surface  state  recombination  included  (Fig.  3A) .  At  low 
excitation  conditions,  the  signal  remains  saturated  until  levels  less  than 
10* 2  photons/cmz  as  in  the  grating  studies.  The  space  charge  field  induced 
carrier  separation  dominates  the  signal  at  these  levels.  Minority  carrier 
transport  to  the  surface,  as  determined  from  the  signal  rise  time,  occurs  in 
less  than  20  psec  as  expected.  Femtosecond  studies  are  in  progress  to  fully 
resolve  the  space  charge  transport. 

Both  the  EOS  and  surface  grating  methods  provide  new  optical  probes  of  sur¬ 
face  state  trapping  dynamics  at  GaAs  surfaces  with  1 0~3-1 0-"*  monolayer  sensi¬ 
tivity.  The  grating  studies  give  evidence  for  surface  state  trapping  on  a 
picosecond  timescale.  The  intrinsic  surface  state  trapping  rate  constants 
need  to  be  separated  from  carrier  transport  dynamics  which  can  be  sorted  out 
with  EOS.  The  results  demonstrate  the  importance  of  the  surface  state 
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trapping  dynamics  in  understanding  surface  state  mediated  chemistry  at  this 
surface . 
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Laser  photolysis  method  is  now  recognized  as  an  indispensable  technique  to 
study  photoprimary  processes  in  chemistry,  physics,  biology,  and  in  a 
wide  field  of  application.  However,  this  conventional  (transmission  type) 
technique  is  restricted  to  transparent  samples.  In  recent  years,  a  diffuse 
reflectance  laser  photolysis  method  has  been  developed. [1  ]  This  method  is 
powerful  because  it  gives  absorption  spectra  of  transient  species  in  opaque 
and  scattering  materials  such  as  organic  microcrystals,  semiconductors  as 
well  as  insoluble  polymer  powders,  dyed  fabrics,  molecules  adsorbed  on 
silica  gels,  etc.  Since  photophysical  and  photochemical  processes  are  very 
fast  because  of  strong  interchromophoric  interactions  in  these  systems,  we 
have  extended  this  method  to  picosecond  time  domain, [2]  and  studied 
transient  absorption  spectra  and  its  excited  state  dynamics  of  opaque 
organic  microcrystals. 

A  picosecond  diffuse  reflectance  laser  photolysis  system  with  a  mode- 
locked  Nd3+: YAG  laser  was  set  up,  in  which  a  double-beam  optical 
arrangement  was  adopted. [2]  Samples,  contained  in  a  cell  with  2  mm 
thickness,  were  excited  with  a  single  355  nm  pulse  (17  ps,  1  mj),  and 
monitored  by  a  picosecond  continuum  as  a  wide-band  analyzing  light.  The 
picosecond  diffuse  reflected  light  from  the  sample  was  detected  by  a 
multichannel  photodiode  array  (MCPD1)  through  a  polychromator.  A  part  of 
the  continuum  bean,  was  detected  by  another  polychromator  with  MCPD2,  and 
was  used  as  the  reference  for  a  spectral  shape  of  the  analyzing  light  and 
shot-to-shot  variations.  The  spectral  data  were  obtained  by  averaging  over 
several  measurements.  Since  the  diffuse  reflected  light  is  relatively  weak, 
it  is  important  to  correct  the  contribution  of  sample  emission.  All 
experiments  of  the  powder  sample  were  performed  under  aerated  conditions  at 
room  temperature. 

The  transient  absorption  intensity  in  diffuse  reflectance  was  displayed 
as  X  absorption.fi]  Figure  1  shows  transient  absorption  spectra  of 
microcrystalline  benzophenone  and  p-terphenyl  at  100  ps  after  excitation. 
Those  spectra  are  assigned  to  be  ln-T]  and  absorptions  (in  exciton 
state),  respectively,  and  are  also  in  agreement  with  the  spectra  obtained 
by  nanosecond  transmittance  laser  photolysis  of  its  single  crystal.  Figure 
2  shows  a  series  of  time-resolved  absorption  spectra  of  benzil  in 
microcrystal  and  in  solution.  Although  the  obtained  spectra  were  broader 
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Fig.  1 

Transient  absorption  spectra 
of  organic  microcrystals  at 
100  ps  after  excitation; 

a)  benzophenone 

b)  p-terphenyl 


440  480  520  560  600 
Wavelength/nm 

and  red  shifted  in  microcrystal  than  in  solution,  a  similar  spectral  change 
occurred  but  with  a  different  time  constant.  Those  fast  and  slow  transients 
can  be  assigned  to  be  and  T^  states,  respectively.  The  geometry  of  the 
excited  states  is  reported  to  be  skewed  in  crystal  and  trans  planar  in 
solution.  As  can  be  seen  from  Fig.  2,  the  intersystem  crossing  rate  of 
benzil  in  microcrystal  is  faster  than  in  solution.  However,  in  the  case  of 
benzophenone  there  was  no  appreciable  difference  of  the  triplet  rise  curves 
between  solid  and  solution  phases. [2] 

In  molecular  crystal  phase,  a  high  density  laser  excitation  will  usually 
bring  about  the  efficient  singlet-singlet  annihilation.  Our  success  in 
measuring  the  excited  singlet  absorption  seems  to  be  due  to  a  low  quantum 
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Fig.  2.  Transient  absorption  spectra  of  benzil  in  microcrystal  (a) 
and  in  cyclohexane  solution  (b) 
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Fig.  3 

Measurement  of  the  pulse  width 
of  incident  ps  pulse  (a)  and 
diffuse  reflected  pulse  (b) 
(diffuser;  silica  gel  powder) 


yield  of  the  excited  singlet  benzil  and  a  small  molar  extinction 
coefficient  of  p-terphenyl  at  355  nm.  Both  conditions  lead  to  a  relative 
low  exciton  density. 

For  applications  in  picosecond  time  scale  of  diffuse  reflectance  laser 
spectroscopy  to  opaque  and  optically  thick  samples,  the  following  point 
should  be  considered.  As  both  exciting  and  monitoring  pulses  undergo 
numerous  reflections,  refractions,  and  diffractions  in  the  microcrystals, 
the  time  resolution  of  this  method  might  be  lower  than  that  of  the 
transmittance  laser  photolysis.  Actually,  according  to  our  preliminary 
measurements  using  a  streak  camera,  the  pulse  width  of  picosecond  diffuse 
reflected  light  is  found  to  be  ca.  1.5  times  longer  than  that  of  the 
incident  one  (Fig.  3).  In  this  sense,  a  response  time  in  the  powder  system 
could  be  longer  than  in  solution  system,  and  this  depends  on  the  scattering 
coefficient  and  both  absorption  coefficients  of  the  ground  state  and  of 
transients.  For  more  quantitative  analysis,  the  following  points  are  being 
examined  in  this  group  i)precise  determination  of  the  response  function, 
ii  )broadening  effect  upon  absorption  spectra,  i i i )mul tiphoton  processes, 
iv)effect  of  defects  or  surface  states  of  microcrystals. 

In  conclusion,  we  have  performed  for  the  first  time  a  picosecond 
transient  absorption  spectral  and  kinetic  measurement  of  singlet  excited 
states  of  organic  microcrystals  by  the  diffuse  reflectance  laser  photolysis 
method.  This  is  especially  powerful  for  the  understanding  of 
photoreactivity  in  crystalline  environments  since  many  of  reaction 
i ntermed ia tes  might  be  nonlummescent. 
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1 .  Introduct i on 


The  sequential  excitation  energy  transport  has  been  studied  with  a  biological 
antenna  and  artificial  Langmuir-Blodgett  (LB)  multilayers  by  means  of  a  pico¬ 
second  time-resolved  fluorescence  spectrophotometer.fi]  We  will  start  with  a 
general  discussion  on  the  energy  relaxation  of  electronically  excited  molec¬ 
ules  incorporated  in  organized  molecular  assemblies.  The  chromophore  distrib¬ 
ution,  fractal  or  f racta 1- 1 i ke  structure,  might  play  an  important  role  in 
relaxation  pathways.  The  kinetic  behaviors  of  the  sequential  excitation 
transport  in  stacking  multilayered  archi lectures  are  compared  between  biol¬ 
ogical  and  artificial  antennas. 

2.  Excitation  Energy  Relaxation  in  Molecular  Assemblies 

Electronically  excited  molecules  incorporated  in  molecular  assemblies  may 
undergo  energy  relaxation  in  various  pathways  summarized  as  follows: 
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Processes  1-4  occur  in  a  single  monolayer  and  are  important  particularly  in 
LB  films.  Process  4  is  observed  as  a  red  shift  of  the  fluorescence  as  time 
going  on  in  the  picosecond  region.  The  fluorescence  decay  curve  cannot  fit 
the  Forster  equation  based  on  the  assumption  of  random  and  uniform  distribu¬ 
tion  of  chromophores,  but  fit  the  decay  function  based  on  the  irregular  dis¬ 
tribution  of  fractal  or  fractal-like  structure. [ 2, 3  ]  Process  5  represents 
the  interlayer  energy  transfer  between  donor  and  acceptor  layers.  The  inter¬ 
layer  energy  transfer  in  artificial  systems  should  compete  with  the  ene 
dissipation  of  processes  2-4  taking  place  in  respective  layers.[4]  On 
other  hand,  the  energy  transport  in  biological  antennas  takes  place  Su>  hat 

the  interlayer  transport  is  a  dominant  process,  and  any  other  paths  of  i  vcrgy 
loss  is  negl igible. [4, 5] 


Springer  Series  in  Chemical  Physics,  Vol.48:  Ultrofast  Phenomena  VI 
Editors:  T.  Yajinia*  K.  Yoshihara  •  C.B  Harris  •S.SUionoya 
©  Springer- Verlag  Berlin  Heidelberg  1988 


431 


3.  Sequential  Excitation  Transport  in  Stacking  Multilayer  Systems 


In  the  phycobi 1  in-chlorophyll  system  of  red  and  blue-green  algae  (Fig.  la), 
the  photoexcitation  energy  is  transferred  from  the  outer  surface  to  the  inner 
core  of  the  reaction  centers  with  the  efficiency  of  near  unity.  [5]  Previous 
study  [S,6]  has  demonstrated  that,  following  picosecond  laser  excitation,  the 
fluorescence  spectrum  changes  with  time  ranging  0-400  ps,  indicating  that  the 


WAVELENGTH  (nm)  WAVELENGTH  (  nm  ) 

Figure  1.  Schematic  representation  of  multilayered  structures  of  a  biol¬ 
ogical  antenna  of  algae  (a),  and  artificial  LB  films  (b). 
Pigmeot  chromophores  are  open-ring  tetrapyrroles  in  algae;  in 
LB  films,  carbazole  with  a  long  hydrocarbon  chain  (0)  and  dif¬ 
ferent  kinds  of  cyanine  (A^  and  A,,)  are  used  in  this  study. 
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excitation  energy  is  transported  successively  through  respective  pigment  pro¬ 
teins  along  the  phocob i 1 isome  rod;  i.e.,  P£-PC-APC-Ch  1  in  this  study,  the 
LB  multilayer  as  an  artificial  analogue  of  the  biological  antenna  was  inves¬ 
tigated.  The  LB  films  containing  carbazole  and  three  types  of  cyanine  dyes  as 
energy  donor  and  acceptor  (Fig.  lb)  were  prepared. [4]  The  fluorescence  bands 
of  respective  pigments  are  emitted  successively  during  BOO  ps,  as  the  exci¬ 
tation  energy  is  transferred  from  the  outer  surface  to  the  inner  layer. 

Phenomenological  aspects  of  the  sequential  energy  transfer  are  parallel 
between  the  biological  and  the  artificial  systems.  Commonly  to  these  two 
cases,  the  fluorescence  rise  and  decay  curves  are  characterized  by  a  rapid 
rise  in  the  acceptor  but  much  slower  decay  in  the  donor.  Such  a  sequential 
energy  transport  can  be  fitted  to  the  equation  of  exp( -2kt' /? )  type  rather 
than  exp(-3kt  '^)  type.  The  kinetic  parameter  values,  e.g.,  fluorescence  rise 
and  decay  times  and  rate  constant  of  the  energy  transfer  are  close  with  each 
other.  However,  the  transfer  efficiency  is  higher  in  the  biological  antenna 
than  in  the  LB  multilayer;  the  efficiency  in  each  step  is  0.9  m  phycobilins 
whereas  it  is  0.5  in  LB  films.  The  transfer  efficiency  is  determined  predom¬ 
inantly  by  the  branching  ratio  between  the  energy  transfer  to  adjacent  layer 
to  the  energy  trapping  within  a  layer.  Lower  efficiencies  in  LB  multilayers 
are  a  consequence  of  relatively  large  density  of  traps  in  monolayers  due  to 
dimer  and/or  higher  aggregates  of  chromophores.  Recent  study  on  LB  films 
[2,7,81  has  demonstrated  that  the  distribution  of  pigment  chromophores  is  not 
uniform  nor  random  in  LB  monolayers,  and  form  an  irregular  structure,  i.e.. 
island  structure.  Such  an  irregular  distribution  yields  a  large  number  of 
trap  sites  with  their  density  being  much  higher  than  estimated  from  the  actual 
concentrat  ion  of  chromophores. 1 8  ! 

Contrary  to  the  artificial  LB  multilayers,  the  biological  antenna  system 
has  a  regular  arch i techture  of  chromophore  distribution,  in  which  tetrapyr- 
roles  are  distributed  with  a  specific  array  in  polypeptide  networks.  In  this 
study,  two  kinds  of  phycobi 1 isomes  in  which  the  stacking  structure  is  differ¬ 
ent  were  investigated.  It  was  found  that,  in  the  inner  core  of  phycobi 1 i so-e 
rod,  there  exists  a  special  channel  for  the  excitation  transport  straight¬ 
forward  to  the  reaction  center. 
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1.  Introduction 

Ten  years  ago  it  was  shown  theoretically  by  CHANCE,  PROCK  and  SILBEY  [1], 
that  the  lifetime  of  an  excited  dye  molecule  is  shortened  when  approaching  a  metal 
surface  (CPS  theory).  This  shortening  can  be  explained  by  coupling  of  near-field 
components  of  the  molecular  transition  dipole  to  the  electron  gas  in  the  metal  [2], 
The  metal  then  acts  as  an  additional  antenna  for  the  emitted  radiation,  and  simul¬ 
taneously  as  a  lossy  material  in  the  near-field  of  the  oscillating  molecular  dipole 
and  hence  a  source  for  damping  by  dissipation.  Both  effects  cause  additional  deex¬ 
citation  pathways  with  a  rate  large  compared  with  that  of  the  free  molecule’s  radia¬ 
tion  into  the  far  field.  Up  to  now  this  phenomenon  has  been  investigated  directly 
only  for  luminescence  from  long-lived  states  [2,  3],  but  never  for  fluorescence  from 
the  first  excited  singlet  state.  To  fill  this  gap,  we  have  performed  fluorescence 
decay  studies  with  picosecond  time-resolution  on  the  dye  rhodaminc  6G  near  a  sil¬ 
ver  surface. 

2.  Experimental 

Rhodaminc  6G  molecules  were  positioned  in  a  well-defined  distance  from  a  ther¬ 
mally  evaporated  silver  film  (substrate  at  room  temperature,  evaporation  rate  0.1 
to  0.5  nm  s’1).  Continuous  bulk-like  silver  films  of  200  nm  mass  thickness  were 
used  in  comparison  with  islands-films  of  4  nm  mass  thickness.  The  distance  be¬ 
tween  the  silver  surface  and  the  dye  was  controlled  by  a  spacer  layer  of  evaporated 
silicon  monoxide  (SiOx).  Sub-monolayers  of  the  dye  with  an  average  inter- 
molecular  distance  of  4  nm,  which  is  high  enough  to  prevent  significant  inter- 
molecular  dipole-dipole  interaction,  were  used.  A  more  detailed  account  of  the 
preparation  is  given  in  [4j. 

For  excitation,  pulses  of  6  ps  duration  with  a  wavelength  of  527  nm  from  a  pas¬ 
sively  mode-locked  and  frequency-doubled  Nd-phosphalc  glass  laser  system  were 
applied.  Fluorescence  emission  was  detected  spectrally  integrated  and  time- 
rcsolvcd  by  a  streak-camera. 

3.  Results  and  discussion 

On  the  solid  silver  film  the  observed  fluorescence  decay  curves  (Fig.  1  a)  could  be 
readily  fitted  by  a  single  exponential.  Figure  2  shows  the  resulting  lifetimes  vs 
spacer  layer  thickness  d  (circles).  A  comparison  with  results  from  the  CPS  theory 
gives  good  agreement  with  respect  to  the  lifetime  -  distance  dependence,  when  the 
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Fig.  1:  Fluorescence  decay  curves  for  rhodaminc  6G,  20  nm  above  a  solid  silver 
film  (a)  and  a  silver  islands  film  ( b ) 


Fig.  2:  Fluorescence  lifelime  of 
rhodamine  6G  on  silver  vs  spacer 
layer  thickness  d.  Circles,  experimental 
values  for  compact  silver  films. 
Squares,  experimental  values  for  island 
films.  Dashed  line,  lifetime  for  the 
molecule  on  the  substrate  without 
metal.  Curve  a,  result  from  CPS  theory 
for  molecular  orientation  parallel  to 
metal  surface.  Curve  b,  the  same  for 
perpendicular  orientation 


orientation  of  the  molecular  dipole  is  assumed  to  be  parallel  to  the  surface 
(curve  a  in  Fig.  2).  This  demonstrates  that  the  CPSmodel  is  applicable  also 
to  fluorescence  decays  proceeding  on  a  sub-nanosecond  time  scale  and  not  only  for 
microsecond  luminescence  as  shown  so  far  [2,  3].  In  addition  the  expectation  to 
have  the  molecules  lying  flat  on  the  surface  is  verified. 

As  is  well  known,  submicroscopic  metal  structures  arc  an  appropriate  tool  for  en¬ 
hancing  interactions  between  molecules  and  light  fields  [5],  Therefore  the  in¬ 
fluence  of  such  structures  on  the  lifetime  was  also  studied.  In  this  case  (molecules 
on  silver  islands  films,  as  shown  in  Fig.  3)  the  observed  decay  curves  (Fig.  1  b) 
could  no  longer  be  fitted  by  a  single  exponential  [4],  Hence  for  comparison  an  ’ef¬ 
fective’  lifetime  had  to  be  defined  as  the  mean  of  the  time  constants  involved 
weighted  by  their  respective  amplitudes.  The  dependence  of  this  ’effective’  lifetime 
on  the  distance  between  dye  submonolayer  and  islands  film  is  also  shown  in  Fig.  2 
(squares).  Now,  agreement  with  the  CPS  results  cannot  be  obtained,  neither  for 
parallel  nor  perpendicular  orientation  of  the  molecule.  Since  in  an  islands  film  the 
surface  is  not  smooth,  parallel  or  perpendicular  orientation  can  barely  be  defined, 
however,  as  is  visualized  in  Fig.  3.  In  addition,  as  is  also  clear  from  the  figure, 
there  is  no  well-defined  distance  between  dye  molecules  and  metal.  Already  from 
these  arguments  a  disagreement  with  the  CPS  results  seems  reasonable  and  a  non- 
exponential  decay  would  be  expected.  In  any  case,  the  quantitative  knowledge  of 
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Fig.  3:  Schematic  sketch  of  dye 
molecules  on  a  metal  islands  film 


lifetime  shortening  is  important  for  an  intended  application  of  submicroscopic 
metal  structures  for  enhancing  interactions  between  molecules  and  electromag¬ 
netic  light  fields. 
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Poly (N-vinylcarbazole)  (abbreviated  hereafter  as  PVCz )  film  is 
a  representative  system  whose  photophysics  and  photo¬ 
conductivity  have  been  studied  in  detail.  It  is  amorphous, 
however,  its  local  geometrical  structure  is  governed  by  polymer 
configuration  and  conformation  [1  ].  They  give  two  spectrally 
distinct  intramolecular  excimer  fluorescence.  One  excimer  with 
the  maximum  at  420  nm  is  due  to  the  normal  sandwich  structure 
of  neighboring  carbazolyl  groups,  while  the  other  around  370  nm 
is  to  a  partial  overlap  structure.  The  former  and  the  latter 
structures  are  formed  in  isotactic  and  syndiotactic  sequences, 
respectively.  This  important  molecular  aspect  is  considered 
here,  since  several  works  on  this  polymer  by  picosecond  kinetic 
spectroscopy  have  never  examined  them. 

PVCz(r)  and  PVCz(c)  are  the  polymers  prepared  by  radical  and 
cationic  polymerizations,  respectively.  Both  are  stereoblock 
polymers,  and  the  former  and  the  latter  consist  of  the  ratio  of 
syndiotactic  to  isotactic  sequence,  3:1  and  1:1,  respectively. 
Film  sample  was  prepared  by  casting  benzene  solution  with  slow 
evaporation  rate  under  a  N  2  atmosphere  in  dark.  The 
concentration  of  their  tet rahydrof uran  solution  was  adjusted  t_ 
be  around  5x10'^  mol  dra“J  where  any  inforpolymer  interactions 
are  neglected.  All  the  samples  were  completely  degassed. 
Fluorescence  rise  as  well  as  decay  curves  and  time-resolved 
spectra  were  measured  with  a  picosecond  time-correlated  single¬ 
photon  counting  system  with  a  microchannel  -  plate 
photomultiplier  (2).  Since  this  system  does  not  require  an 
intense  excitation  pulse  and  has  both  a  wide  dynamic  range  and 
a  high  t i me  -  resol ut ion ,  accurate  fluorescence  spectral  and 
ki, etic  data  can  be  obtained  without  complicated  photophysical 
behavior  due  to  S 1 - S 1  annihilation. 

Time-resolved  fluorescence  spectra  arc  shown  in  Fig.  1.  For 
all  the  systems  at  early  delay  times,  the  fluorescence  maximum 
was  observed  at  370  nm  and  no  appreciable  sandwich  excimer 
fluorescence  in  the  long  wavelength  region  was  detected.  It 
should  be  noticed  that  the  shoulder  was  observed  at  350  nm  and 
it  was  clearly  detected  in  solution.  This  can  be  ascribed  to 
the  carbazole  monomer  fluorescence.  With  time  on  doing  from 
picosecond  and  nanosecond  time  regions,  the  monomer 
fluorescence  disappeared  quickly,  partial  overlap  excimer 
followed,  and  the  sandwich  excimer  became  the  main  component. 

Namely,  excitation  energy  migration  is  confirmed  to  be 
sequential  . 
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g.  1.  Normalized  picosecond  time-resolved  fluorescence  spectra 
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Fig.  2.  Fluorescence  rise  curves 
of  sandwich  excimer  (475  run)  in 
solution  and  film  systems. 


The  fluorescence  rise  and  decay  curves  of  both  PVCz  in  film 
were  monitored  at  350  nm  and  380  nm  where  the  monomer 
fluorescence  and  the  partial  overlap  excimer  are  respective 
main  components.  The  dynamics  of  the  sandwich  excimer  in  both 
solution  and  solid  film  were  monitored  at  475  nm,  as  shown  in 
Fig.  2.  Mu  1 1  i -exponent  i  a  1  functions  were  used  for  their 


Table  1.  Multi-exponential  analysis  of  fluorescence  rise  and 
decay  curves. 
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analysis,  since  at  least  three  molecular  species  were 
identified  in  the  time-resolved  spectra.  The  results  are 
summarized  in  Table  1.  All  rise  and  decay  time  constants  are 
irrespective  of  observation  wavelength  and  common  to  PVCz(r) 
and  PVCz(c) ,  and  only  amplitude  factors  are  different  from  each 
other. 

It  is  worth  noting  that  the  time  constants  are  also  common 
to  film  and  solution  systems.  We  consider  that  local 
geometrical  structures  in  syndiotactic  and  isotactic  sequences 
of  the  polymer  determine  fluorescence  dynamics  of  amorphous 
polymer  films.  This  suggests  an  energy  relaxation  mechanism  of 
PVCz  film,  not  involving  efficient  energy  migration,  which  is 
being  studied  in  detail. 
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1.  Introduction 

From  a  chemical  standpoint  it  is  important  to  find  methods  of  studying 
vibrational  spectra  on  extremely  short  time  scales.  Many  photophysical, 
biological,  and  photochemical  processes  have  very  short  lived  intermediates 
whose  structures  require  accurate  determination.  Vibrational  spectra 
contain  valuable  information  on  molecular  structure  that  is  not  usually 
available  from  the  optical  spectrum,  particularly  for  condensed  systems. 

Raman  spectroscopy,  which  has  now  been  applied  to  chemical  and 
biochemical  problems  on  the  ps  [1-4]  and  fs  [5]  time  scales  has,  in  addition 
to  its  advantages,  some  disadvantages  compared  with  IR  spectroscopy.  For 
example,  ultrafast  Raman  scattering  experiments  have  so  far  roquired  a 
resonance  effect.  This  means  that  only  those  vibrational  transitions  can 
be  studied  that  can  somehow  be  resonance  enhanced.  Also,  the  Raman 
response  is  a  tensor  of  polarizability  derivatives  that  for  complex  molecules 
is  difficult  to  predict  theoretically  and  so  the  Raman  anisotropy  is  not  a 
sharp  indicator  of  molecular  structure.  The  IR  spectrum  on  the  other 
hand  is  a  property  of  all  polyatomic  molecules  and  the  anisotropy  is 
determined  by  a  vector  property  in  the  molecular  frame  so  that  it  relates 
directly  in  many  cases  to  geometric  properties  of  the  molecule.  This  paper 
describes  recent  studies  aimed  at  studying  fast  processes  in  molecular 
systems  using  infrared  spectroscopy. 

In  a  recent  paper  a  new  method  of  obtaining  IR  spectra  with  ca.  15  ps 
resolution  was  described  [6].  The  technique  was  readily  adaptable  by 
using  polarized  beams  to  measurements  of  geometrical  properties  of 
molecules  in  solutions  [7]  and  in  proteins  [8].  In  this  paper  new  results 
on  the  photophysic.s  and  chemistry  of  metallocarbonyls  in  solutions  as  well 
as  in  hemoglobin  and  myoglobin  are  presented.  Furthermore  the  earlier 
method  has  now  been  extended  into  the  femtosecond  regime  and  new 
results  on  these  carbonyl  systems  were  obtained  recently. 

Considerable  progress  toward  a  versatile  ultrafast  IR  spectroscopic 
method  was  made  recently  (9)  using  either  parametric  generators  or  down 
conversion.  These  methods  and  the  diode  laser  approach  reported  here 
can  be  employed  with  many  different  types  of  lasers  or  dual  laser  systems 
and  will  soon  lead  to  high  sensitivity,  high  repetition  rate  and 
continuously  tunable  IR  spectroscopic  approaches. 

2.  Experimental 

The  infrared  spectroscopic  technique  incorporates  the  output  of  a  tunable 
cw  diode  laser  (Spectra  Physics,  Laser  Analytics  Division,  Bedford,  MA)  as 
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the  IR  probe.  The  IR  beam  is  passed  through  the  sample  and  a  change  in 
the  IR  absorbance  is  induced  by  a  pulse  of  visible  or  ultraviolet  radiation. 
Time-resolved  detection  of  the  transmitted  IR  is  achieved  by 
sum-frequency  mixing  the  IR  with  a  second  pulse  of  visible  radiation  in  a 
nonlinear  crystal  which  in  this  case  is  lithium  iodate.  This  mixing 
upconverts  the  IR  into  the  visible  region  and  allows  detection  with  a 
photomultiplier  tube.  The  photolyzing  and  upconverting  pulses  may  be 
variably  delayed  at  a  fixed  IR  frequency  to  obtain  kinetics,  the  IR 
frequency  may  be  scanned  at  a  set  delay  time  between  the  visible  pulses 
to  obtain  time  resolved  IR  spectra,  and  the  relative  polarizations  of  the 
photolyzing  and  upconverting  pulses  may  be  varied  to  observe  transient 
anisotropy  in  the  IR  absorbance. 

Picosecond  time-resolved  IR  spectroscopy  has  been  achieved  using  this 
technique  in  which  the  pulses  of  visible  radiation  are  obtained  from  two 
dye  lasers,  each  synchronously  pumped  by  the  frequency  doubled  output 
of  a  single  mode-locked  and  Q-switched  Nd:YAG  laser  [6).  Single  pulses 
(ca.  560  nin,  20  ps  FWHM,  1-10  pJ/pulse)  may  be  selected  from  these  dye 
lasers  at  a  repetition  rate  of  up  to  1.2  kHz,  and  used  as  the  photolyzing 
and  upconverting  pulses  without  amplification.  This  has  allowed  infrared 
spectra  to  be  obtained  with  spectral  and  temporal  resolutions  of  5  cm'* 
and  15  ps,  respectively. 

Femtosecond  time  resolution  has  been  achieved  using  the  apparatus 
shown  in  Fig.  1.  The  frequency  doubled  output  of  a  cw  mode-locked 
NdrYAG  laser  is  used  to  synchronously  puinp  a  cavity  dumped  rhodainine 
6G  dye  laser.  The  output  pulses  are  shortened  to  300  fs  (autocorrelation 
FWIIM)  using  an  optical  fiber  compressor  and  subsequently  amplified.  A 
new  approach  to  high  repetition  rate  multipass  amplification  has  been 
developed  whore  the  frequency  doubled  output,  of  a  Q-switched  cw  Nd:YAG 
laser  (65ns  FWHM,  900pJ,  1kHz)  is  used  to  pump  rhodamine  B  in  ethylene 
glycol  in  a  1  mm  flow  cell.  Six  passes  through  the  gain  medium,  which  is 
oriented  at  Brewster’s  angle  relative  to  the  pump  beam,  are  sufficient  to 
amplify  a  0.7  riJ  input  pulse  to  2.5  pJ  at  580  nm  with  no  apparent  pulse 
broadening.  Significantly,  the  integrated  nanosecond  amplified  spontaneous 
emission  is  typically  less  than  3%  of  the  amplified  pulse  energy,  thus 


Fig.  1.  Experimental  apparatus  for  femtosecond  transient  IR  spectroscopy 
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obviating  a  saturable  absorber.  The  amplified  output  is  variably  split  in  a 
Gian  Lasor  prism  to  derive  the  photolyzing  and  upconverting  beams. 
Off-axis  parabolic  reflectors  bring  the  cw  IR  (ca.  10  mW)  to  a  common 

focus  (ca.  120  Aim  spot  size)  with  the  photolyzing  beam  which  is 
synchronously  chopped  at  half  the  amplifier  repetition  rate.  The 

transmitted  IR  is  recollimated  and  telescoped  down  to  about  3mm  before 
frequency  summing  with  a  variably  delayed  upconverting  pulse  in  LiI03, 
The  polarizer,  dispersing  prism,  and  interference  filter  isolate  the 
upconverted  light  from  the  transmitted  upconverting  beam.  The 
differential  transmitted  IR  intensity  (photolyzed  vs.  unphotolyzed)  is 

recovered  by  demodulating  the  PMT  response  at  half  the  amplifier 

repetition  rate  with  a  lock-in  detector. 


3.  Femtosecond  HbCO  photobleaching  kinetics 

A  15  mM  solution  of  carboxy-hemogiobin  (HbCO)  in  D2O  was  prepared  and 
flowed  through  a  56  / mi  thick  sample  cell.  The  diode  laser  was  tuned  to 
the  peak  of  the  bound  CO  stretch  of  ground  state  HbCO.  The  time 
dependent  change  in  IR  transmission  due  to  photolysis  at  580  nm  is 
depicted  in  Fig.  2  (dots).  These  data  are  fitted  to  an  instantaneous 
response  (dashed  line)  using  the  instrument  response  function  (300  fs 
FWHM  autocorrelation,  solid  line).  As  evidenced  by  the  visual  quality  of 
the  fit,  the  photobleaching  transient  is  rapid  on  the  300  fs  time  scale  with 
no  observable  recovery  of  the  bleach.  This  shows  that  geminate 
recombination  of  vibrationally  unexcited  CO  does  not  occur  on  this 
timescale.  Petrich  et  al.  [10]  recently  reported  a  2.5  ps  partial  recovery 
(14/4)  of  the  Soret  band  bleach  which  was  attributed  to  geminate 
recombination.  This  discrepancy  possibly  arises  from  the  complicated 
dynamics  in  the  excited  state  hemoglobin  optical  absorption  which  is  not 
detected  in  Lhe  IR  experiment. 


The  transient  IR  spectrum  at  10  ps  time  delay  was  obtained  by  plotting 
the  normalized  differential  transmitted  IR  intensity  at  various  IR 
wavelengths  (Fig.  3).  The  absorption  linewidth  is  fairly  well  approximated 
by  the  convolution  of  the  diode  laser  bandwidth  (ca.  10  cm"'  due  to  lasing 
on  multiple  longitudinal  modes)  with  the  linewidth  for  the  bound  CO 
absorption  (ca.  8  cm-').  This  clearly  demonstrates  that  the  spectral 
resolution  of  this  technique  is  determined  by  the  cw  diode  laBer  bandwidth 


Fig.  2.  Photobleaching  transient  of 
HbCO  (dots);  generated  fit  (dashed 
line);  instrument  response  function 
(solid  line) 
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rather  than  the  bandwidth  of  the  femtosecond  pulse  (nearly  transform 
limited  at  ~70  cm-'),  in  contrast  to  IR  pulse  excitation  methods. 

The  spectrum  in  Fig.  3  is  virtually  indistinguishable  from  one  obtained 
at  0  ps  delay.  Hence,  we  have  found  no  evidence  (within  our  time 
resolution  and  S/N)  for  an  excited  stale  HbCO  absorption  within  a  30  cm"' 
region  about  the  peak  of  the  ground  state  CO  absorption.  The  absence  of 
a  detectable  absorption  implies  that  the  linewidth  of  any  bound  CO 
transition  in  this  region  is  broad,  reflecting  its  transient  nature.  This 
enables  us  to  place  an  upper  limit  on  its  dissociative  lifetime  of  ~200  fs, 
which  is  faster  than  the  appearance  of  a  deoxylike  species  in  the  optical 
spectrum.  This  is  consistent  with  the  conclusions  by  Petrich  et  al.  [10] 
that  tho  CO  dissociates  in  50  fs. 

4.  Iron-carbonyl  bond  geometry  determination 

Picosecond  measurements  of  the  anisotropic  changes  in  IR  absorbance  upon 
photodissociation  of  CO  from  the  caboxy-  derivatives  of  hemoglobin, 
myoglobin  and  protohemo  have  allowed  the  equilibrium  iron-carbonyl  bond 
geometries  to  be  determined  for  these  systems  in  ambient  temperature 
solution  [7,8].  The  results  may  be  presented  as  either  a  photoselection 
anisotropy,  r,  or  a  polarization  ratio,  R,  as  given  in  Table  1.  These  values 
may  be  used  to  deduce  the  FeCO  geometries  because  the  measurements  are 
made  with  a  time  resolution  which  is  short  compared  with  the  overall 
rotational  reorientation  of  the  molecules  in  solution.  Two  simple  models  are 
those  in  which  tho  distribution  of  CO  configurations  is  described  either  by 
a  delta  function,  yielding  a  single  value  a  for  tho  angle  between  the  CO 
bond  axis  and  the  heme  plane  normal,  or  by  a  model  in  which  the  CO  bond 
can  adopt  with  oqual  probability  any  angle  within  a  cone  of  somiangle  ( 1 . 
The  measurements  reveal  nothing  of  the  azimuthal  orientation  of  the  CO 
group  in  the  molecular  frame.  In  the  case  of  the  heme  proteins,  the  delta 
function  is  an  appropriate  model  because  of  the  uniform  environment  and 
narrow  distribution  for  the  CO  location  in  any  given  conformation.  Each 
conformation  is  characterized  by  a  specific  IR  band,  and  if  the  X-ray 


a. 20"  a.  35" 

1944  cm'1  1933cm'1 
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a  ■■  26"  0’  30’ 
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Table  1.  Polurization  ratios  and 
anisotropies  used  to  obtain  angles  a 
and  cone  semi  angles  p  for  heme 
proteins  and  free  heme  in  solution. 

The  IR  band  positions  are  given  in 
cm-l.  The  aqueous  solvent  mixtures 
(by  volume)  were  of  glycerol  (G), 
ethylene  glycol  (EG)  and  methanol  (M) . 


v(C0) 

R 

r 

a 

0 

MbCO 

1944 

1.74 

-0.165 

20° 

- 

MbCO 

1933 

1.38 

-0.101 

35° 

- 

HbCO 

1951 

1.78 

-0.171 

18° 

PCO(90%G) 

1962 

1.59 

-0.141 

26° 

38° 

PCO(SOSEG) 

1962 

1.69 

-0.158 

22° 

32° 

PCO  ( 7  0%'M ) 

1966 

1.80 

-0.174 

l?o 

25° 

Fig.  4.  FeCO  configurations  of 
MbCO.  Models  for  PCO(90%G) 
structures.  — ,  heme  planes 


445 


diffraction  data  [11]  is  transferable  to  solution,  the  results  presented  here 
allow  a  sharp  definition  of  the  ligand  goometries,  as  illustrated  in  Fig.  4 
for  MbCO.  The  crystallographic  data  are  not  necessarily  transforrable  to 
solution:  indeed  the  preferred  FeCO  bond  geometries  [11]  are  not 

consistent  with  the  solution  structures  determined  here.  For  free  hemes 
in  solution  the  distribution  is  unlikely  to  be  described  well  by  either  of 
the  simple  models.  However,  both  illustrate  that  the  FeCO  unit  experiences 
considerable  distortion  by  the  solvent  since  the  unit  is  known  to  be  linear 
ind  perpendicular  to  the  heme  plane  in  crystals  [12,13].  The  degree  of 
distortion  was  found  to  vary  with  solvent,  the  greatest  distortion  being 
observed  for  PCO  in  90%G,  as  illustrated  in  Fig.  4. 

5.  Transition  metal  carbonyls 

IR  spectroscopy  has  been  used  extensively  to  study  the  photochemistry  of 
transition  metal  carbonyls  through  Lhe  observation  of  both  matrix  isolated 
and  reacting  transient  species  [14].  The  technique  reported  here  has 
extended  the  time  resolution  available  for  such  studies  from  >  100  ns  into 
the  ultrafast  regime.  Photolysis  of  [CpFe(CO)?]2  in  solution  has  been 
found  to  result  in  both  bleaching  of  the  trans  isomer  terminal  CO  stretch 
at  1960  cm-'  and  the  appearance  of  new  IR  absorption  bands  on  the  ps 
timescale.  These  preliminary  results  demonstrate  the  applicability  of  the 
technique  to  the  study  of  ultrafast  inorganic  photoreactions. 
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Vibrational  Relaxation  Measurements 
of  Carbon  Monoxide  on  Metal  Clusters 
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Measurements  using  tunable  picosecond  infrared  pulses  of  CO(v=l)  vibrational 
population  relaxation  for  carbon  monoxide  bound  to  transition  metal  cluster 
compounds  and  supported  metal  particles  give  the  first  time  -  resolved  evidence 
for  vibrational- to-electronic  energy  damping  of  adsorbates  on  metals. 

1 .  Introduction 


There  exists  an  ever-increasing  need  to  directly  measure  microscopic  energy 
dynamics  of  adsorbates  on  chemically  active  metal  surfaces.  It  is  the 
mechanisms  and  rates  of  electronic  and  vibrational  excitation  migration 
within  an  adsorbate,  or  from  the  adsorbate  to  the  substrate,  which  play  key 
roles  in  such  fundamental  processes  as  surface  diffusion,  desorption  and 
chemical  reaction.  Until  recently,  damping  rates  of  adsorbate 
vibrational  modes  on  surfaces  could  only  be  inferred  from  bandwidth 
measurements  and  theory.  However,  ultrafast  time  domain  techniques  have  now 
reached  a  level  of  sophistication  that  in  situ  measurements  of  energy- 
transfer  on  reactive  metal  surfaces  can  now  be  made.  Here,  we  present  the 
first  direct  measurements  of  vibrational  energy  relaxation  for  carbon- 
monoxide  ligands  of  metal -  carbonyl  cluster  compounds  and  CO  chemisorbed  >n 
colloidal  (>30  A  diameter'*  metal  particles  dispersed  on  silica. 


2.  Experimental 


The  method  employed  in  this  work  is  based  on  a  tunable  picosecond  infrared 
pump-probe  saturation- recovery  approach.  This  technique  was  previously 
developed  to  obtain  Tt  lifetimes  for  OH  and  other  strongly  IR-allowed  modes 
of  adsorbates  on  dielectric  substrates  [1].  For  the  current  application, 
however,  ultrashorc  tunable  infrared  pulses  in  the  5  micron  (ca.  2000  cm'1'' 
region  are  required.  These  pulses  are  obtained  by  difference  frequency 
generation  in  a  nonlinear  LiI03  crystal  from  second  harmonic  (332  nm)  and 
tunable  dye  laser  (=600  nm)  pulses  derived  from  a  10  Hz  Nd°:YAG  laser 
system.  IR  pulses  produced  in  this  fashion  are  routinely  characterized  as 
having  a  15  ps  FWHM  duration,  10-15  i*J  energy  (±20%  shot  fluctuation)  and  4 
cm"1  FWHM  bandwidth  [2]. 

In  the  experiment,  a  single  IR  pump  pulse  (I<10  mJ/cm2)  directly  excites 
population  to  the  v=l  level  of  a  CO- stretching  mode  of  the  sample.  This 
excitation  produces  a  transient  increase  in  sample  transmission  T  (at  the 
pump  frequency)  which  recovers  exponentially  in  time  (with  decay  time  T1 )  to 
the  unexcited  sample  transmission  level  (T0)  A  r. ime  -  de laved  weak  pulse  at 
the  same  frequency  probes  the  sample  transmission  recover , ,  and  for  the  C0- 
containing  systems  studied  here,  yields  a  measure  of  the  vibrational 
population  relaxation  of  that  fundamental  mode. 
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The  above  method  has  been  extended  from  our  previous  studies  of  mono  metal 
carbonyl  compounds  [2]  to  the  invest igat ion  of  vibrational  relaxation  of  Co 
bound  to  metal  clusters  of  increasing  nucleus  size  [3],  These  systems 
include  the  stable  cluster  compounds  Rh2(CO)4Cl2,  Rh4(C0)i2.  Co^CG),^,  and 
Rh6(CO)16  in  dilute,  room  temperature  CHCl3  solution,  some  of  these  same 
molecules  adsorbed  on  pressed  fumed  Si02  supports,  and  now  CO  adsorbed  on 
much  larger  Rh  and  Pt  particles  (supported  on  silica).  The  main  thrust  of 
this  investigation  has  been  to  examine  the  effect  of  increasing  metal  nucleus 
size  on  the  CO(v=l)  T:  lifetime  and  thereby  determine  whether  new  relaxation 
mechanisms  become  operative  when  "free  electron"  behavior  for  sufficientlv 
large  metal  particles  sets  in. 

3.  Results 


The  most  pertinent  results  are  summarized  below: 

•  The  CO- stretching  vibrations  for  CO  in  small  metal  cluster  compounds  '<6 

metal  atoms)  in  room  temperature  CHC1.  solution  give  ~»00  <  1 .  <  oO  p:>  . 
These  long  lifetimes  are  attributed  to  the  large  eta- rgv  gap  between.  the 
txcited  CO(v—  1  )  mode  (ca.  2 000  cm  *)  and  the  next  highest.  metal  CO  and  metal 
metal  vibrations  ( 2 0 ‘ >  600  cm  1  >  of  these  "molecular”  systems. 

•  A  novel  bi  exponential  decay  has  been  observed  for  Co^'CO).^  in  CMC;, 
solution.  This  response  is  thought  to  arise  from  initially  rapid  »>r*.  ps 
CO  stretch  energy  equilibrat  ion  followed  bv  a  much  slower  (.3  30  ps  '  combined 
relaxation  into  the  lower  vibrational  modes  of  the  system. 

•  For  Rh2  (CO)u  Cl2  ,  Cofc(C0),2  and  Rh^fCC’).,  supported  on  silica  in  vacuum  and 
at  room  temperature,  a  reduction  of  T,  of  a  factor  of  four  occurs  compared  to 
Tx  in  the  solution  phase  (see  Fig  la). 

•  Induced  transient  absorption  signals  have  been  detected  when  the  IR 
frequency  is  tuned  to  the  peak  or  low  energy  side  of  an  absorption  ba  ,d 
This  behavior  is  concurrent  with  multiple  photon  absorption  and  most  likelv 
arises  from  C0(v=2)  and  higher  overtone  excitation. 
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•  Samples  prepared  by  reduction  of  metal  salts  (RhCl3*3H20  or  PtH2Cl6)  on 
silica  exhibit  absorption  features  from  CO  adsorbed  on  large  (ca.  35  A,  103 
atoms)  Rh  and  Pt  metal  particles  and  for  rhodium,  isolated  metal  sites  e.g.. 
-Rh(CO)2 .  These  absorptions  give  rise  to  short  (<  25  ps)  and  long  (ca.  125 
ps)  lifetimes,  respectively,  in  the  same  inhomogeneous ly  distributed  sample. 
Tj  relaxation  decays  for  one  C0/Rh/Si02  sample  are  shown  in  Fig.  1.  The 
decreased  magnitude  of  Tj  for  CO  on  the  large  particles  compared  to  the 
smaller  cluster  compounds  and  isolated  metal  sites  suggests  the  participation 
of  a  fast  relaxation  channel,  presumably  damping  by  e lectron -hole  pair 
formation  or  other  electronic  properties  of  the  metal. 


It  is  anticipated  that  further  measurements  of  this  type  on  other 
adsorbate -metal  systems  will  help  unravel  the  detailed  mechanistic,  kinetic 
and  microscopic  structural  characteristics  of  chemically  reactive  metal 
surfaces . 
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A  aeries  of  experiments  have  been  conducted  in  order  to  measure  the  rate 
and  to  elucidate  the  mechanism  of  vibrational  energy  (T,  )  relaxation  of  the 
symmetric  N-H  stretch  ( Ev-3400cm- ' )  in  liquid  and  solution  phase  pyrrole. 
The  impetus  for  these  studies  lies  in  the  need  to  expand  the 
understanding  of  the  dynamics  of  vibrational  relaxation  and  to  provide  the 
first  conclusive  investigation  of  N-H  relaxation. 

The  work  in  this  field  was  pioneered  bv  Kaiser  and  coworkers  (1).  Thry 
generated  a  wealth  of  T,  information  particularly  on  the  relaxation  of  C-H 
stretches  and  coupling  of  these  vibrations  to  internal  motions  in  both 
solute  and  solvent.  Further  T,  measurements  in  liquids  (1,2)  and  solids  (3) 
were  made,  but  little  knowledge  of  specific  relaxation  pathways  was 
obtained.  Recent  studies  in  3olids  (4)  and  liquids  (2),  including  the  current 
work,  show  that  far  from  being  limited  to  a  few  picoseconds  T,  lifetimes 
often  lie  in  the  100’s  ps  or  even  ns  (4)  regime.  Moreover,  the  nature  of 
vibrational  energy  transfer  in  pyrrole  allows  for  the  separation  of 
contributions  from  intramolecular  and  intermolecular  pathways.  The  effects 
upon  T,  rates  and  mechanisms  of  various  solvents,  isotopic  substitution, 
and  temperature  have  also  been  examined. 

In  the  experiments  reported  here,  the  N-H  stretch  is  resonantly  excited 
by  an  ca.  4ps  infrared  pulse  (4vr]0cm~'  FWHM)  obtained  by  difference 
frequency  mixing  (in  UIO3)  a  fundamental  pulse  (1054nm)  from  a 
Nd^+:phosphate  glass  laser  and  a  775nm  pulse  from  an  amplified  continuum. 
The  resulting  populations  in  the  N-H  stretch  and  other  vibrational  modes 
as  well  as  their  time  evolution  were  determined  by  spontaneous  anti-Stokes 
Raman  scattering  from  a  527nm  pulse.  The  signal-lo-noise  was  adequate  <0 
enable  studies  of  dilute  solutions  of  pyrrole  in  ethers  and  benzenes. 

The  vibrational  population  lifetime  of  the  N-H  stretch  (Fig.  la)  at  29RK 
was  42*3ps  for  neat  pyrrole.  It  was  also  found  to  be  temperature 
independent  to  353K.  The  relaxation  pathway  was  studied  by  measuring  the 
poj  ulation  in  the  four  C-H  stretches  around  3100cm-'  and  the  symmetric 
C~C  stretch  at  1144cm-'  following  pumping  of  the  N-H  stretch.  In  neat 
pyrrole,  less  than  1%  of  the  initial  N-H  excitation  flows  into  C-H  motion 
whereas  ca.  32%  is  transferred  to  the  CcC  stretch  (T.'lps,  Fig.  lb).  Thus, 
the  system  demonstrates  a  remarkable  propensity  for  coupling  thp  N-H  and 
'-C  stretches.  Upon  deuteration  of  the  C-H  bonds,  the  efficiency  of  N-H  to 
7“ C  (Fv-1094cm-'  in  0D»NH)  decreases  to  ca.  18%  while  the  N-H  lifetime 
rises  to  64*8ps.  This  relative  insensitivity  to  isotopic  substitution 
suggests  the  C-H  modes  are  not  involved  in  the  N-H  relaxation.  Further, 
the  lack  of  sensitivity  to  the  internal  mode  shifts  resulting  from 
deuteration  would  be  consistent  with  an  intermolecular  mechanism. 
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Figure  1.  Population  evolution 
following  N  H  excitation  in  'a' 
the  N  H  stretch,  (hi  the  ring 
mode  in  neat  pyrrole,  and  (c) 
the  991  cm  I  mode  in  benzene. 


Figure  2.  Concentration  dependence 
of  the  vibrational  population  rate 
of  relaxation  of  solvated  N  H 
stretches  in  ether  solutions. 


The  intermolecular  nature  of  the  relaxation  pathway  is  .strongly 
supported  by  experimental  observations  for  solvated  samples.  In  a  50% 
solution  of  pyrrole  in  protobenzene,  ca.  5%  of  the  N-H  population 
(T|=79*9ps)  of  solvated  pyrrole  molecules  was  transferred  to  the  991cm"' 
C=C  stretch  (T,~12ps)  in  benzene  (Fig.  1c).  Deuteration  of  the  solvent 
yielded  no  change  in  the  quantum  efficiency  and  a  negligible  change  in 
the  lifetime  (T,  m90*  1 1  ps).  These  results  indicate  the  N-H  stretch  of  a 
pyrrole  molecule  is  coupled  to  the  CrC  stretch  in  a  neighboring  molecule, 
either  pyrrole  or  benzene,  via  the  n-H  hydrogen  bond. 

Additional  evidence  of  these  conclusions  is  given  by  the  T,  studies  of 
the  N-H  stretch  in  ether  solutions  (Fig.  2).  [n  these  samples,  lifetimes 
extending  to  220*20ps  were  observed  and  no  C-C  stretch  population  was 
detected.  The  concentration  dependence  was  found  to  obey  Stern-Volmer 
kinetics  of  the  form  1/T,  =  1  /T ,  { i )  +  n„7„,.  Here,  T,(i)  is  an  intramolecular 
relaxation  time,  n0  is  the  population  of  pyrrole  molecules  in  the  v:0  level 
of  the  N-H  stretch  and  701  is  the  bimolecular  rate  constant  governing  the 
relaxation  of  molecules  excited  in  v=l  during  collisions  with  those  in  v-0. 
The  values:  T,(i)  m  240ps;  and  y0i  -  8-2  x  108  lmolc"'s~\  the  latter  being 
in  the  range  expected  for  a  diffusion  controlled  reaction.  Thus  for  neat 
pyrrole,  the  intramolecular  relaxation  is  almost  entirely  suppressed  ii. 
favor  of  an  intermolecular  process  while  in  the  dilute  solutions  the 
opposite  situation  prevails. 

This  research  was  supported  by  the  NSF  and  the  NIH. 
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In  recent  years,  the  generation  of  tunable  picosecond  infrared  pulses  has  made 
substantial  progress.  The  wavelength  range  from  1  urn  to  10  um  is  covered  con¬ 
tinuously  combining  different  generation  techniques.  Infrared  dye  lasers 
pumped  in  the  traveling-wave  geometry  give  single  pulses  which  are  tunable 
between  1.1  um  and  1.45  um  with  a  narrow  bandwidth  of  7  cm'1  / 1/ .  High  peak 
intensities  of  up  to  50  MW/cm2  and  pulse  durations  between  4  ps  and  20  ps  may 
be  generated.  Nonlinear  frequency  converters  based  on  parametric  amplifi¬ 
cation  and  difference  frequency  mixing  produce  tunable  pulses  of  narrow  band¬ 
width  between  1.2  um  und  10  um  /2/. 

In  this  paper  we  report  on  two  spectroscopic  applications  of  these  infrared 
pulses:  the  nonlinear  absorption  of  free  carriers  in  InAs  and  the  vibrational 
redistribution  in  the  electronic  ground  state  of  large  organic  dye  molecules. 

The  stationary  free-carrier  absorption  of  polar  semiconductors  has  been 
studied  in  a  variety  of  p-  and  n-doped  samples  to  determine  the  wavelength  de¬ 
pendence  and  the  absolute  value  of  the  absorption  coefficient  /3/ .  The 
experimental  results  have  been  analyzed  by  the  simple  Drude  formula  or  by  more 
detailed  quantum-mechanical  models,  which  demonstrate  the  important  role  of 
phonons  in  the  absorption  process.  There  is,  however,  little  information  on 
the  change  of  the  absorption  coefficient  with  the  thermal  energy  of  the 
carriers,  especially  for  the  case  when  the  temperatures  of  the  lattice  anJ  the 
carrier  system  are  different.  Here  we  report  on  a  picosecond  investigation  of 
the  transient  absorption  of  hot  carriers  which  demonstrates  the  influence  of 
carrier  temperature  on  the  absorption  cross-section. 

Undoped  as  well  as  n-doped  InAs  samples  are  used  in  the  present  experiments. 
The  carrier  concentration  in  the  undoped  crystal  is  less  than  2 ' 1 0 1 6  cm  1 :  the 
n-doped  sample  contains  1.5«1018  electrons  per  cm3.  The  thickness  of  both 
crystals  amounts  to  approximately  300  um.  At  room  temperature,  the  absorption 
edge  of  the  undoped  and  n-doped  samples  is  located  around  0.345  and  0.390  eV, 
respectively.  The  pump  and  probe  technique  is  applied  in  the  experiments.  The 
medium  infrared  pulses  are  split  in  an  intense  excitation  pulse  and  a  probe 
pulse  of  weak  intensity.  The  polarization  of  the  pump  pulse  is  chosen  perpen¬ 
dicular  to  that  of  the  probe  pulse  to  suppress  the  coherent  artifact  occurring 
around  zero  delay  time  for  parallel  electric  field  vectors  of  the  two  pulses. 

The  experiments  are  performed  with  sample  temperatures  between  70K  and  300K. 

In  the  first  experiment,  the  intrinsic  sample  is  studied  at  room  temperature. 
A  hot  electron-hole  (eh)  plasma  of  a  maximum  carrier  temperature  T  ~  450K  is 
created  by  two-photon  absorption  of  the  intense  excitation  pulse  at  0.25  eV 
(wavelength  5  um).  The  probe  pulse  monitors  the  absorption  change  at  5  um, 
i.e.  below  the  band  gap.  The  result  of  this  measurement  for  an  excitation 
density  of  approximately  1018  e-h  pairs  per  cm3  is  presented  in  Fig.l.  The 
normalized  change  of  transmission,  AT/To,  is  plotted  versus  the  delay  time 
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Fig-  1  Transient  free-carrier  absorption  of  a  hot  electron-hole  plasma 
generated  by  two-photon  excitation  in  intrinsic  InAs. 


between  excitation  and  probe  pulses;  AT  is  given  by  AT  =  T-To ,  where  To  and  T 
are  the  sample  transmissions  prior  to  and  after  excitation.  We  observe  a  fast 
decrease  of  transmission,  which  relaxes  within  30  ps  to  a  residual  value 
constant  up  to  delay  times  of  several  hundreds  of  picoseconds. 

The  fast  kinetics  disappears  completely  when  electron-hole  pairs  are 
generated  with  negligible  excess  energy,  i.e.  for  excitation  pulses  of  a 
photon  energy  of  Ec/2  (Eg:  bandgap  energy).  In  this  case,  only  the  long-lived, 
temporally  integrating  absorption  change  is  observed.  These  findings  demon¬ 
strate  that  the  enhancement  of  absorption  at  early  delay  times  is  indicative 
of  the  hot  carriers,  whereas  the  second  slow  contribution  represents  the  ab¬ 
sorption  of  the  thermally  relaxed  electrons  and  holes.  This  second  component 
is  mainly  due  to  holes  because  of  their  larger  infrared  absorption  cross- 
section  as  compared  to  the  electron  absorption.  The  long-lived  signal  dis¬ 
appears  by  carrier  recombination  on  a  time  scale  of  several  hundred  nano¬ 
seconds  . 

In  the  second  experiment,  the  n-doped  sample  is  excited  with  pulses  at 
0.19  eV  (6.5  um) ,  i.e.  the  energy  of  two  photons  is  not  sufficient  to  generate 
electron-hole  pairs.  The  carrier  density  is  constant  and  the  absorbed  photons 
heat  only  the  electron  gas.  The  experimental  data  for  a  sample  temperature  of 
70K  are  shown  in  Fig. 2.  The  density  of  absorbed  photons  amounts  to  approxi¬ 
mately  5X1017  cm-3  heating  the  electrons  to  a  maximum  temperature  T:  =  550K. 
The  absorption  of  the  hot  electrons  rises  quickly  and  decays  within  70  ps  to 
the  initial  value  reflecting  the  cooling  of  the  carriers.  In  contrast  to  Fig.l 
a  long-lived  signal  component  corresponding  to  excess  electron-hole  pans  is 
nc  .  observed.  At  room  temperature,  a  similar  behavior  is  found.  However,  the 
absolute  value  and  the  decay  time  of  the  absorption  change  are  considerably 
smal ler. 

The  quantum-mechanical  theory  of  free  carrier  absorption  depends  upon  two 
factors  relevant  to  our  experiments  /4/:  First,  the  Fermi  distribution 
function  of  the  electrons  in  the  conduction  band  changes  with  increasing 
carrier  temperature;  second,  the  absorption  cross-section  is  related  to  the 
density  of  phonons  which  couple  to  the  carriers  in  the  absorption  process.  The 


Fig.  2  Transient  absorption  of  hot  free  electrons  in  n-doped  InAs  at  a 
wavelength  of  6.5  um. 


phonon  density  increases  by  the  cooling  of  hot  carriers.  The  quantitative 
analysis  shows  that  the  electron  heating  leads  to  changes  of  the  absorpt ion 
coefficient  of  less  than  2  percent  in  the  range  of  carrier  temperatures 
occurring  in  our  experiments.  According  to  Fig. 2  we  observe  larger  changes  of 
absorption.  This  finding  suggests  a  transient  nonequi 1 ibriura  phonon  distri¬ 
bution  in  the  sample.  More  detailed  model  calculations  of  the  absorption  and 
phonon  kinetics  will  be  presented  elsewhere. 

As  a  second  application  of  tunable  infrared  pulses  we  discuss  the  lifetimes 
of  vibrational  modes  of  large  molecules  in  solution.  There  exists  a  consider¬ 
able  amount  of  data  for  excitation  frequencies  around  3000  cm1  ,  i.e.  for  C -H 
stretching  modes.  Here  a  systematic  study  of  vibrational  states  of  energies 
between  1000  cm1  and  2000  cm'1  is  presented  for  the  first  time. 

In  our  experiments,  different  vibrational  modes  are  populated  via  resonant 
absorption  of  infrared  light  pulses.  The  excess  population  is  monitored  by  a 
second  visible  light  pulse  promoting  the  excited  molecules  to  the  electronic 
Si  state.  The  emitted  fluorescence  light  is  a  measure  of  the  instantaneous 
population  of  the  investigated  vibrational  state. 

Now  we  work  with  a  Ndiglass  laser  as  a  pumping  source  for  the  infrared 
pulse  generators,  the  IR  pulse  duration  is  reduced  to  a  value  of  2  ps . 

Experiments  are  performed  with  a  solution  of  coumarin  6  in  f.-CU  .  Fig. 3 
shows  the  infrared  spectrum  of  coumarin  6  between  1200  cm'1  and  1H00  cm  1  .  A 
series  of  distinct  absorption  lines,  mostly  skeletal  modes,  is  observed.  The 
strongest  lines  around  1600  cm'1  are  due  to  C-C  stretching  modes  of  the 
chromophore.  The  well  separated  line  at  1728  cm'1  represents  the  C-0  stretching 
mode  of  the  molecule.  In  the  following  we  present  time-resolved  data  measured 
at  two  frequency  positions  at  1594  cm'1,  the  strongest  line  in  Fig. 3  C  C 
stretching  mode)  and  at  1728  cm'1  (C=0  stretching  mode). 
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Fig.  3  Part  of  the  infrared  spectrum  of  coumarin  6  in  C2C]<  (c  =  2.5«10  3M, 
l  -  2mm).  Inset:  Molecular  structure  of  coumarin  6. 


Fig.  4  Fluorescence  signal  as  a  function  of  time  after  resonant  excitation 

of  (a)  a  C-C  stretching  mode  and  of  (b)  the  C=0  stretching  mode.  Broken 
line:  cross-correlation  curve;  dash-dotted  lines:  the  fluorescence 
components. 


Information  on  the  vibrational  relaxation  is  obtained  by  the  observation  of 
the  fluorescence  as  a  function  of  the  delay  time.  In  Fig  4  experimental 
results  are  shown  after  excitation  of  (a)  a  C-C  stretching  mode  and  of  (b)  the 
C=0  stretching  mode.  In  both  cases  the  fluorescence  signal  consists  of  two 
components.  At  short  delay  times  a  rapidly  rising  and  decaying  signal  is  found. 
In  Fig. 4a  it  closely  follows  the  cross-correlation  curve  (broken  line).  In 
Fig. 4b  it  decays  with  a  time  constant  of  2.5  ps.  This  component  represents  the 
population  and  the  depopulation  of  the  initially  excited  vibrational  mode.  In 
other  words,  we  find  a  Ti  lifetime  of  0.8i0.4  ps  for  the  C-C  skeletal  mode  and 
of  2.5  ps  for  the  C=0  stretching  mode.  The  skeletal  modes  around  1600  cm  1 


exhibit  very  large  Franck-Condon  factors.  Consequently,  the  fluorescence 
signals  are  strong  and  the  decay  may  be  observed  over  three  orders  of  magnitude. 


Subsequently,  the  excitation  energy  is  intramolecularly  redistributed  within 
the  vibrational  manifold.  A  new  energy  distribution  is  established  which  is 
well  described  by  a  thermal  distribution  with  an  increased  internal  temperature. 

A  rise  of  the  internal  temperature  of  approximately  70K  is  estimated  from  the 
energy  supplied  to  the  molecule  and  the  specific  heat  of  the  molecule. 

The  vibrationally  hot  molecules  give  rise  to  a  second  fluorescence  component 
which  is  clearly  observed  at  longer  delay  times  in  Fig. 4a  and  4b.  The  decay  of 
the  longer-lived  component  represents  cooling  of  the  vibrationally  hot  mole¬ 
cules.  In  Fig. 4  we  find  a  time  constant  of  7  ps  for  the  intermolecular  transfer 
of  vibrational  energy  to  the  solvent.  This  value  is  independent  of  the  initi¬ 
ally  excited  mode. 

Eight  vibrational  modes  between  1400  cm"1  and  1800  cm"1  were  investigated. 

In  most  cases  the  initially  excited  mode  decays  with  a  time  constant  faster 
than  the  time  resolution  of  the  system  (similar  to  Fig. 4a).  In  all  cases, 
however,  the  vibrational  cooling  of  the  molecules  occurs  with  a  time  constant 
of  approximately  7  ps. 

More  detailed  information  on  the  very  fast  population  lifetimes  is  obtained 
by  comparison  of  the  absolute  signal  values  with  calculations  based  on  a  rate 
equation  model.  Our  experimental  results  show  that  the  magnitude  of  the  fluor¬ 
escence  signal  at  longer  delay  times  (t  >  10  ps)  is  proportional  to  the  amount 
of  absorbed  infrared  energy  determined  by  the  known  infrared  dipole  moment  of 
the  initially  excited  mode.  This  fact  indicates  that  the  longer-lived  component 
represents  a  heating  of  the  molecule. 

The  situation  is  different  for  the  fluorescence  signal  around  delay  time 
zero.  The  transient  population  of  the  initially  excited  state  depends  on  the 
infrared  dipole  moment  and  on  the  lifetime  of  the  excited  vibrational  mode.  The 
fluorescence  signal  is  proportional  to  the  instantaneous  population  and  to  the 
Franck-Condon  factor.  The  knowledge  of  the  Franck-Condon  factors  allows  an 
estimate  of  the  population  lifetime  based  on  the  absolute  peak  values  of  the 
fluorescence  intensities. 

We  calculate  population  lifetimes  of  the  excited  vibrational  modes  taking  into 
account  Franck-Condon  factors  deduced  from  Shpolskii  spectra  of  coumarin  6  /5/. 
The  lifetimes  determined  according  to  this  procedure  depend  on  the  excited  mode. 
For  example,  a  time  constant  of  0.8t0.3  ps  is  calculated  for  the  C-C  stretching 
mode  (Fig  4a) . 

The  two  examples  discussed  here  demonstrate  the  potential  of  our  generator 
of  tunable  infrared  pulses.  Several  additional  applications  are  discussed  else¬ 
where,  e.g.  the  investigation  of  intersubband  relaxation  in  multiple  quantum- 
well  structures  /6/,  coherent  pulse  propagation  effects  in  air  /7/,  and  proton 
transfer  processes  in  large  molecules  /8/. 
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Recently  we  demonstrated  a  new  picosecond  double  resonance  tech¬ 
nique  for  the  determination  of  vibrational  relaxation  processes 
/I/,  which  is  based  on  nonlinear  infrared  transmission  spectro¬ 
scopy  / 2/.  A  strong  pump  pulse  excites  a  vibrational  state  and 
depletes  the  ground  states  with  correspondingly  rapid  transmis¬ 
sion  changes  at  various  probe  frequencies.  A  careful  analysis 
of  the  time-  and  f requcncy-resol ved  measurements  provides  de¬ 
tailed  insight  in  the  molecular  processes.  In  the  following  wo 
discuss  dynamics  of  hydrogen-bonded  molecules,  which,  is  studied 
by  our  technique  for  the  first  time  on  the  ps  time  scale. 

The  strong  pump  pulse  and  the  weak  probe  pulse  are  generate!.: 
by  separate  multiple-step  parametric  devices.  The  two  synchro¬ 
nized  parametric  pulses  are  derived  from  single  pulses  of  ur. 
active-passively  modelocked  Nd-YAG  laser.  The  pulse  duration  is 
approximately  12  ps  and  the  bandwidth  11  cm-1.  Tuning  ranee  is 
2700  to  4000  cm-1.  The  probe  transmission  change  f.n(T/T0)  is  -en¬ 
sured  as  a  function  of  delay  time  tD  and  frequency  positicr 
of  the  probe  pulse.  T0  ( •.  )  represents  the  equilibrium  transmis:  ur. 
value  (pump  beam  blocked). 


Two  examples  of  our  transient  IR-probing  spectra  are  presen¬ 
ted  in  Fig.  1.  Ethanol  dissolved  in  CC14  (0.42  mol/liter)  is  in¬ 
vestigated  at  room  temperature.  The  pump  pulse  is  tuned  to  332 0 
cm"'  near  the  center  of  the  broad  0-H  stretching  absorotion  band 
of  the  sample.  Fig.  la  shows  the  picosecond  probe  spectrum  for 
to  =  10  ps,  which  differs  distinctly  from  the  conventional  IR 
spectrum.  An  increase  of  transmission  (positive  •' n  T/TQ)  is  ob¬ 
served  for  3100  <  v  <  3430  cm-1,  in  contrast  to  a  transmission 
decrease  for  3430  <  v  <  3640  cm-1.  Fig.  1b  displays  the  probe 
spectrum  for  the  same  excitation  conditions  but  at  to  =  100  ps 
with  only  little  change  apart  from  an  amplitude  decrease.  The 
probe  spectrum  remains  nearly  constant  for  later  times  up  to  4 
ns . 


In  Fig.  2  two  examples  of  time-resolved  measurements  are  de¬ 
picted  for  the  same  sample  and  excitation  frequency  as  for  Fig. 
1.  For  the  probing  frequency  of  3320  cm-'  (Fig.  2a)  one  observes 
a  rapid  increase  of  transmission  at  tp  =  0,  followed  by  a  de¬ 
crease  with  a  time  constant  of  20  +  5  ps .  For  tD  ■>  100  ps  an 
almost  constant  transmission  change  occurs.  Tuning  the  probe 
frequency  to  3500  cm-1  yields  the  strikingly  different  signal 
transient  of  Fig.  2b.  At  this  frequency  the  transmission  dis¬ 
plays  a  somewhat  delayed  decrease.  A  time  constant  of  5  +  3  ps 
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Probe  Frequency  l cm  '  1 


Fig .  1 

Transient  IR-absorption 
spectra  of  0.42  mol/1  etha¬ 
nol  in  CCI4;  excitation 
frequency  3320  cm"' 

a)  delay  time  10  ps 

b)  delay  time  100  ps 


is  inferred  from  the  delayed  minimum  position.  The  transmission 
change  then  relaxes  with  time  constant  20+5  ps  to  an  asymptotic 
value . 


For  the  interpretation  of  these  results  it  is  recalled  that 
the  absorption  around  3300  cm-1  is  caused  by  hydrogen-bonded 
ethanol  chains  (oligomers),  whereas  the  absorption  bands  of  mo 
noraeric  and  dimeric  ethanol  molecules  are  situated  at  3630  cm 
and  3500  cm-1,  respectively  ,/3/.  So  the  transient  blenching 
around  3300  cm"'  may  be  caused  by  two  mechanisms:  either  nopul 
tion  changes  of  the  0-H  stretching  vibration  or  breaking  of  hy 
drogen  bonds,  the  binding  energy  (approximately  3.5  kcal/mol) 
which  corresponds  to  a  frequency  of  about  2000  cm'"1.  The  trar.s 
mission  decrease  around  3500  cm-1,  on  the  other  hand,  can  only 
be  explained  by  an  increase  of  the  number  of  dimeric  or  monomc 
ethanol  molecules;  here,  excited  state  absorption  of  the  pumpe 
OH  vibration  can  be  excluded  since  the  cor rospondinc:  frequency 
position  lies  on  the  low-frequency  side  of  the  excitation.  As 
result,  convincing  evidence  for  dissociation  of  H-bonds  is  pro 
sented.  The  rapid  signal  changes  as  compared  with  the  long  pop 
lation  lifetime  T-|  --  70  ps  /2/  of  ethanol  monomers  suggest  tha 
the  breaking  of  hydrogen  bonds  occurs  with  the  measured  time 
constant  of  5  +  3  ps,  i.e.  is  the  dominant  relaxati  1  channel 
for  vibrationally  excited  oligomers.  Shortly  after,  (lie  othar.o 
molecules  may  re-associate;  the  corresponding  time  constant  is 
20  +  5  ps .  For  longer  times  ( tu  >  100  ps)  the  hydrocen  bonds  a 
in  a  new  thermal  equilibrium.  From  the  measured  temperature  do 
pendence  of  conventional  IR  spectra  we  estimate  a  temperature 
rise  of  less  than  10  K  for  the  observed  asymptotic  probe  t runs 
mission  changes,  consistent  with  energy  arguments. 
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Fig,  2 

Relative  transmission 
change  versus  delay 
of  0.42  mol/1  ethanol 
in  CCl,..  Pump  frequency 
3320  cm-1 


a)  probe  frequency 
3320  cm"' 

b)  probe  frequency 
3500  cm- ^ 


Delay  Time  t0  [  ps  I 


In  conclusion,  it  is  pointed  out  that  we  have  observed  the 
dynamics  of  hydrogen  bridges  in  ethanol  solutions  at  room  tem¬ 
perature  using  a  novel  ps  spectroscopy  in  the  IR.  The  dominant 
relaxation  channel  of  vibrationally  excited  oligomers  is  made 
up  by  ultrafast  breaking  of  H-bonds. 


1.  H.  Graener,  R.  Dohlus  and  A.  Laubereau,  Chem.  Phvs.  Lett. 
1 40,  306  (1987) 

2.  E.J.  Heilweil,  M.P.  Cassassa,  R.R.  Cavanagh  and  J.C.  Ste¬ 
phenson,  J.  Chem.  Phys.  8J_,  2856  (  1984) 

3.  See,  for  example,  G.  Geiseler  and  H.  Seidel,  'Die  Wasser- 
stof fbruckenbindung' ,  (Vieweg,  Braunschweig,  1977) 
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Dynamical  and  static  interactions  in  molecular  liquids  may  be  deduced  from 
Raman  and  infrared  spectra.  In  a  limited  number  of  cases  the  shape  of  the 
spectral  band  is  understood  by  a  definite  line-broadening  mechanism.  Many 
realistic  liquids,  on  the  other  hand,  show  complicated  structures  with  non- 
Lorentzian  asymmetric  and  partially  overlapping  bands.  In  addition,  the 
spectral  bandwidth  may  be  considerably  broader  than  10  cm"1  corresponding  to 
molecular  time  constants  of  less  than  1  ps.  The  high  time  resolution  now 
available  in  femstosecond  coherent  anti-Stokes  Raman  spectroscopy  / 1—3/  gives 
the  possibility  to  study  various  line-broadening  mechanisms  on  the  time  scale 
of  the  molecular  interaction. 

In  the  present  experiments  we  applied  a  femtosecond  laser  system  allowing 
tunable  excitation  of  vibrational  modes  between  300  cm'1  and  3000  cm"1.  The 
laser  pulses  derived  from  a  femtosecond  unidirectional  ring  dye  laser  (pulse 
duration  tp  =  80  fs)  serve  as  the  exciting  and  probing  laser  pulses  at 
frequencies  ul  /4/.  A  standard  synchronized  tunable  picosecond  dye  laser 
supplies  the  Stokes  pulses  at  us.  Coherently  scattered  anti-Stokes  light  at 
uas  =  2wl-us  is  detected  as  a  function  of  the  time  delay  between  probing  and 
exciting  pulses  (of  perpendicular  polarization).  The  high  time  resolution  of 
the  experimental  system  is  readily  demonstrated  in  Fig. 1  showing  the  coherent 
anti-Stokes  signal  obtained  from  the  OD-stretching  mode  ot  liquid  D2O.  The 
full  circles  are  experimental  data  taken  at  a  sample  temperature  of  65°C. 
These  data  points  are  close  to  the  experimental  response  function  determined 


Fig.  1  Time-resolved  coherent  Raman  signal  from  the  OD  vibration  of  liquid 
D2O  at  21°C  (open  circles)  and  65°C  (closed  circles).  The  solid 
curves  are  calculated  using  a  decay  time  T2/2  of  Ofs,  25fs,  or  50fs. 
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by  a  cross-correlation  experiment.  A  different  signal  is  obtained  when  the 
sample  is  held  at  a  lower  temperature  of  21°C  (open  circles).  Now  the  decay 
of  the  signal  is  delayed.  The  solid  curves  are  calculated  using  the  experimen¬ 
tal  response  function  and  decay  times  of  T2/2  =  0,  25  fs,  and  50  fs.  We  inter¬ 
pret  the  experimental  data  as  follows:  At  low  temperatures  the  coherent 
experiment  studies  the  hydrogen  bonded  D2O  molecules.  These  complexes  have  a 
somewhat  lower  vibrational  frequency  than  the  non-bonded  D2O.  We  tentatively 
assign  the  dephasing  time  T2/2  =  25  fs  to  these  D2O  complexes.  When  the  sample 
is  heated  the  hydrogen-bonded  complexes  break  up  and  the  experiment  probes  the 
liquid  of  "monomeric"  molecules.  A  very  rapid  decay  of  the  signal  is  observed 
which  is  not  resolved  in  our  experiment. 

Interesting  information  is  obtained  when  studying  the  CHs -stretching  modes 
of  liquid  methanol.  The  spontaneous  Raman  spectrum  of  methanol  shows  two 
strong  bands  at  2835  cm-1  and  2943  cm'1.  In  addition  there  are  large  shoulders 
around  the  two  major  lines.  Time-resolved  coherent  Raman  scattering  gives  the 
result  presented  in  Fig. 2  (solid  points).  The  signal  exhibits  a  pronounced 
beating  structure  superimposed  to  an  exponential  decay.  The  solid  curve  of 
Fig. 2  was  calculated  using  homogeneous  dephasing  times  for  the  two  Raman- 
active  modes.  This  curve  fits  the  experimental  points  quite  well.  In  order  to 
take  into  account  the  possibility  of  inhomogeneous  broadening,  the  calculation 
was  repeated  with  an  inhomogeneous  contribution  of  25%  and  50%  to  the  Raman 
linewidth  (see  broken  curves  of  Fig. 2).  These  curves  noticeably  deviate  from 
the  experimental  data  points.  We  conclude  that  the  CH-stretching  modes  of 
methanol  are  predominantly  homogeneously  broadened. 

Results  on  the  molecular  interactions  are  obtained  when  measuring  the  CH- 
stretching  modes  of  liquid  acetonitrile.  In  Fig. 3a  the  coherent  signal  decay 
is  shown  over  three  orders  of  magnitudes.  At  later  delay  times  the  signal 
follows  the  exponential  decay  representing  homogeneous  dephasing  with  Ta  = 

1.74  ps.  At  earlier  delay  times  the  experimental  data  deviate  from  the  expo¬ 
nential  slope.  This  fact  is  apparent  from  Fig. 3b  where  the  signal  is  multi¬ 
plied  by  exp(2to/1.74ps).  An  overshoot  of  the  signal  is  seen  at  early  de 
times  of  up  to  1.5  ps.  Our  first  attempt  was  to  fit  the  experimental  dec,.., 
curve  by  a  Kubo  line-shape  model  with  an  exponential  decay  of  the  frequency 
correlation  function  /5/.  A  ready  agreement  between  theory  and  experiment  was 


F ig.  2  Coherent  signal  of  liquid  methanol  (points)  and  calculated  curves 

assuming  homogeneous  dephasing  (solid  curve)  and  inhomogeneous  line¬ 
broadening  (broken  curves)  for  25%  and  50%  inhomogeneous  contri¬ 
butions. 
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Fig.  3  Coherent  signal  from  liquid  acetonitrile.  Intermolecular  interactions 
show  up  by  the  overshoot  of  the  signal  at  early  delay  times. 


only  obtained  with  a  more  elaborate  theory,  taking  into  account  the  close 
packing  of  the  molecules  in  the  liquid  and  the  attractive  part  of  the  mole¬ 
cular  interaction  /6/. 

Acknowledgement.  The  authors  acknowledge  valuable  discussion  with  Professors 
W. Kaiser,  S.F. Fischer,  and  E.W. Knapp. 
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1.  Introduction 

Many  experimental  and  theoretical  studies  have  been  reported  on  the  effects 
of  vibronic  dephasings  (population  decay  and/or  pure  dephasing)  on  the  time- 
resolved  coherent  anti-Stokes  Raman  scattering  (CARS)  and  resonant  light 
scattering  from  molecules  in  the  heat  bath.  On  the  other  hand,  relatively 
little  is  known  about  the  effects  of  bath-assisted  dynamics  such  as  coher¬ 
ence  transfer  between  two  vibrational  transitions  and  feeding  processes  in 
the  resonant  states.  Recently,  femto-second  quantum  beats  in  time-resolved 
CARS  spectra  of  polyatomic  molecules  in  liquids  have  been  reported  by  LEOII- 
HARDT  et  al.  [1],  It  is  very  interesting  to  analyze  quantum  beats  appearing 
in  the  CARS  spectra  of  molecular  liquids  in  such  an  ultra-short  time  domain 
because  one  can  obtain  information  on  the  dynamical  behaviors  in  liquids. 

The  first  purpose  of  this  paper  is  to  show  that  the  effects  of  the  coherence 
transfer  induced  by  the  molecule-heat  bath  interactions  are  reflected  di¬ 
rectly  on  the  time-resolved  CARS  spectra.  The  second  purpose  is  to  investi¬ 
gate  the  feeding  effects  on  the  time-resolved  resonant  light  scattering  from 
multilevel  molecules. 


2.  Coherence  transfer  between  Raman  active  vibrational  transitions 

We  notice  that  in  ultra-short  time  domains,  two  Raman  active  transitions 
a  +  c  and  a' ->■  c'  of  nearby  molecules  in  liquids  correlate  each  other,  and  the 
coherence  transfer  between  two  transitions  may  take  place  through  the  bath 
modes.  An  expression  for  the  time-resolved  CARS  intensity  I ( t )  as  a  func¬ 
tion  of  the  delay  time  t  between  the  pumping  pulses  and  the  probing  pulse 
is  derived  by  using  the  perturbative  density  matrix  method  [2].  The  mole¬ 
cule-heat  bath  interaction  effects  on  I(x)  are  incorporated  with  aids  of  the 
Liouville  space  Feynman  diagram  in  which  the  time  evolution  of  the  coherence 
between  the  Raman  active  transitions  of  two  molecules  can  be  easily  seen. 

The  coherence  transfer  matrix  element  expressing  the  time  evolution  of  the 
coherence  between  two  transitions  can  be  evaluated  by  introducing  coherence 
transfer  constant  r,  and  by  solving  the  Master  equations  of  the  off-diagonal 
density  matrix  elements  relevant  to  two  transitions.  In  the  case  in  which 
the  frequency  difference  between  two  transitions  A.  is  larger  than  the  mag¬ 
nitude  of  the  coherence  transfer  constant,  the  nonresonant  time-resolved 
CARS  intensity  can  be  approximated  to 


I  (  t  )  iC  exp[-{Yca  +  yc'a'  +  i(  Aiii  -  )  it  ]  ,  (2-1 ) 

where  C  is  a  constant  associated  with  the  transition  moments  and  photon 
fields,  and  are  the  dephasing  constants  relevant  to  the  Raman  transitions. 
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Fig.  1.  Calculated  time-resolved  oAkS  intensities  via  coherently  excitea 
two  Raman  transitions  of  molecules  in  liquids  in  a  four  spherical  layer 
model.  The  solid  line  represents  the  CARS  intensity  in  a  long  range  coher¬ 
ence  case  in  which  magnitudes  of  r*  in  the  first,  second,  third  and  fourth 
layers  are  taken  to  be  0.009,  0.008,  0.007  and  0.006  in  units  of  Aw  ,  fre¬ 
quency  difference  between  two  Raman  transitions.  The  dashed  line  represents 
the  CARS  intensity  in  a  short  range  coherence  case  in  which  the  magnitude  of 
TMn  the  first  layer  is  0.009.  The  dephasing  constants  related  to  two  Raman 
transitions  are  taken  to  be  0.03  and  0.01  in  units  of  A* in  both  cases. 


Equation(2-l )  indicates  that  the  frequency  shifts  of  the  quantum  beats  ap¬ 
pear  in  the  time-resolved  CARS  spectra  of  molecules  in  liquids  as  a  result 
of  the  coherence  transfer.  In  the  case  in  which  there  is  no  coherence 
transfer,  i.e.  each  molecule  interacts  with  the  heat  bath  independently,  the 
quantum  beats  of  the  time-resolved  CARS  decay  with  dephasing  constants 

We  consider  a  multi-spherical  layer  model  to  deal  with  the  effects  of  the 
coherence  transfer  of  molecules  in  liquids.  In  this  model  the  coherence 
transfer  constants  are  characterized  by  the  same  magnitude  within  each  lay¬ 
er.  In  Fig.  1,  model  calculations  of  the  coherence  transfer  effects  on  I(x) 
are  shown  using  a  four  spherical  layer  model.  Temporal  separation  x  is 
taken  in  units  of  (Aw)  .  The  time  dependent  behaviors  of  the  amplitudes  of 
the  quantum  beats  in  Fig.  1  originate  from  the  coherence  transfer  effects. 


3.  Feeding  effects  on  time-resolved  resonant  light  scattering 


We  present  a  theoretical  result  of  the  feeding  effects  (bath-induced  fluo¬ 
rescence)  on  the  RL$  from  a  displaced  harmonic  oscillator  molecule  embedded 
in  the  heat  bath  consisting  of  an  ensemble  of  low  frequency  harmonic  oscil¬ 
lators  with  the  Boltzmann  distribution.  The  feeding  processes  as  well  as 
the  ordinary  dephasing  ones  are  taken  into  account  in  the  double  (cap  and 
tilde)  space  representation  [3],  The  damping  operator  >  ioi  is  expressed  as 


where  >(  •)  refer  to  the  system  operators  representing  the  population  decays 
in  the  cap  (tilde)  space.  Operators  mixing  the  cap  space  with  the  tilde 
space,  ymi*  consist  of  both  pure  vibronic  dephasing  and  feeding  operators. 
The  feeding  operator  y'  is  defined  by 
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Fig.  2.  Calculated  time-dependent  RLS.  The  excitation  is  assumed  to  the 
first  excited  vibrational  level  in  the  resonant  state  by  a  pulse  denoted  by 
a  dotted  curve.  The  solid  and  dashed  curves  represent  the  bath-induced 
fluorescence  and  resonance  fluorescence,  respectively.  The  parameter  set 
used  are  u  =  3UU  cm-  as  the  vibratiional  frequency  with  potential  displace¬ 
ment  A  =  0.5,  g(w)  =  0.9  cm"  and  g(-„)  =  0.2  cm  ,  and  Yg£.g£  =  1.4  cm-1  as 
the  magnitude  of  the  electronic  pure  dephasing  constant. 


Yf  =  [2g(.)bb  +  2g(-)b+b+]c+cc+c  .  (3-2) 

where  b(b)  and  c(c)  are  the  boson  and  fermion  annihilation  operators  in  the 
cap  (tilde)  space,  respectively,  and  g  denote  the  fourier  components  of  the 
bath  correlation  functions.  In  Fig.  2,  calculated  time-dependent  RLS  spec¬ 
tra  are  drawn.  Vie  can  see  from  Fig.  2  that  the  bath  induced  fluorescence 
gives  a  significant  contribution  as  well  as  the  resonance  fluorescence  and 
Raman  scattering  from  the  level  just  excited.  Different  time-dependent 
behaviors  between  the  feeding  and  other  mechanisms  are  identified. 
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In  this  summary  induced  dichroism  of  femtosecond  pulses  is  dis¬ 
cussed  for  the  study  of  the  subpicosecond  population  dynamics 
of  several  dye  molecules  in  the  S  •)  A  new  version  of  time-re- 
solved  polarization  spectroscopy  is  also  demonstrated  which  pro¬ 
vides  novel  information  on  Franck-Condon  states  of  the  S0  mani¬ 
fold.  Apart  from  rotational  relaxation,  which  is  negligible  on 
the  subpicosecond  time  scale,  the  information  supplied  by  the 
two  techniques  is  closely  related  to  two-pulse  transmission  mea¬ 
surements  and  self-diffraction  off  induced  population  gratings. 

The  energy  level  diagram  considered  for  S-)  relaxation  dynamics 
is  depicted  in  Fig.  la.  The  excitation  pulse  promotes  a  small 
fraction  of  molecules  to  a  distribution  of  Franck-Condon  states 
(2)  with  large  density  of  vibrational  states  (\vib  -  103  cm'1)  , 
Anharmonic  coupling  leads  to  rapid  energy-redistribution  (time 
constant  ireci)  with  a  subensemble  of  approximately  isoenergetic 
vibrational  states  (3)  ("dark  states").  Energy  transfer  to  the 
other  vibrational  degrees  of  freedom  (4)  is  described  by  the  vi- 
bronic  decay  time  A  novel  technique  exploiting  polarization 

dependent  amplification  is  depicted  in  Fig.  1b,  which  gives  in¬ 
formation  on  vibrational  relaxation  in  the  SD .  The  required  ini- 
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Fig.  1 

Schematic  of  the  energy  levels  and  pump/probe  schemes  of  tran¬ 
sient  polarization  spectroscopy  a)  for  vibrational  dynamics  in 
the  S-|  state,  b)  for  vibrational  dynamics  in  the  S0  necessitatina 
initial  population  of  the  bottom  of  the  S1  (dotted  arrow).  Data 
analysis  includes  population  redistribution  (ired^>  population 
decay  (  t v j-, )  and  dephasing  (T2)  of  vibrational  level  distribu¬ 
tions  . 
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tial  population  of  the  upper  electronic  state  is  generated  by  an 
intense  preparation  pulse  /I/.  Again,  rapid  IVR  among  a  vibratio¬ 
nal  subensemble  (3)  in  the  S0  represented  by  time  constant  Tre(j 
is  taken  into  account.  A  distribution  of  vibronic  transition  fre¬ 
quencies  (1)-(2)  with  Gaussian  shape  and  finite  dephasing  time 
T2  of  the  individual  transition  is  considered. 

The  measuring  set-up  is  similar  to  recent  ps  experiments  /2/, 
the  probe  pulse  of  same  frequency  being  generated  by  a  10  %  beam 
splitter.  Our  special  femtosecond  dye  laser  (Rh  6G/DQ0CX)  with 
non-cw  operation  has  been  described  recently  /3/.  Single  pulses 
of  115  fs  duration  and  10  uJ  are  generated,  the  exponential  pulse 
wings  extending  over  more  than  3  orders  of  magnitude.  The  emis¬ 
sion  wavelength  of  572  nm  allows  to  excite  higher  vibrational 
levels.  The  laser  system  also  generates  a  synchronized  green 
(527  nm)  preparation  pulse  of  1.3  ps  required  for  the  SQ  tech¬ 
nique  of  Fig.  1b. 

An  example  of  the  observed  Si  dynamics  is  depicted  in  Fig.  2 
for  DQOCI  in  ethanol.  The  measured  probe  pulse  energy  transmis¬ 
sion  (full  circles)  behind  a  crossed  polarizer  is  plotted  versus 
time  delay. 

As  expected  theoretically  the  signal  curve  consists  of  three 
parts:  (i)  a  coherence  peak  around  tD=0,  (ii)  a  rapidly  decaying 
signal  overshoot  for  0.1  ps  <  tj  <  2  ps  rented  to  vibrational 
population  dynamics  and  (iii)  an  asymptotic  decay  for  tD  >  2  ps. 
The  decay  time  =  390  +  100  fs  is  directly  obtained  from  the 

time-resolved  signal  decrease  (ii)  .  The  modest  vibrational  signal 
contribution  of  *  30  %  at  tD  =  300  fs  represents  strong  evidence 
for  rapid  energy  redistribution.  Fitting  the  calculated  curves 


Fig.  2 

Induced  dichroism  of  the  fs-probe  pulse  for  the  study  of  vibra¬ 
tional  dynamics  in  the  Si  of  DQOCI;  full  points,  experimental; 
lines,  calculated;  subtracting  the  exponential  signal  asymptote 
the  vibrational  part  (open  circles)  of  the  signal  is  calculated 
At  tj}=0  a  coherence  peak  is  noted  which  allows  one  to  determine 
the  vibronic  dephasing  time  T2  /4/. 
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(solid  lines)  to  the  data  we  find  Trej  =  45  +  5  fs  and  also 
T2  =  9°  +  20  fs . 

Our  results  are  compiled  in  Table  1.  The  data  on  T2  and  Trecj 
are  of  semi-quantitative  nature  since  they  originate  from  the 
specific  theoretical  model.  The  values  of  rvib  are  directly  ob¬ 
served  and  model-independent. 


Table  1 

vvib 
cm- 1 

t2 

f  s 

Tred 

f  s 

T  vib 
ps 

DQOCI/Eth 

1  lOO 

90  +  20 

45  +  5 

0.  39  + 

0. 1 

DODCI/Eth 

1 100 

30  +  20 

5-20 

0.95  + 

0.3 

Rh  101/Meth 

700 

60  +  20 

30  +  10 

0.95  + 

0.35 

Rh  6G/HFIP 

1570 

<  40 

<  20 

1.5  + 

1 

Rh  6G/CH2C1 2 

i  1180 

•'  40 

<  20 

1.7  + 

0.8 

Rh  6G/Eth 

1030 

<  40 

'  20 

2.4  + 

0.5 

Rh  6G/DMS0 

5  30 

50  +  20 

30  +  10 

3.1  + 

0.6 

— 

The  rapid  energy  redistribution  may  be  explained  by  anharmonic 
coupling  among  the  vibrational  subensemble  /5/.  The  time  constant 
t vib  represents  the  effective  population  decay  time  of  levels  (2), 
(3);  two  mechanisms  appear  to  be  important:  (i)  V-V  energy  trans¬ 
fer  to  the  other  vibrational  degrees  of  freedom  of  the  dye  mole¬ 
cule:  (ii)  intermolecular  energy  transfer  to  solvent  molecules. 
Recent  investigations  of  the  latter  process  have  indicated  time 
constants  around  5-10  ps  /6/.  As  a  consequence  process  (i)  appears 
to  be  dominant.  The  population  decay  of  levels  (2),  (3)  is  believed 
to  generate  vibrationally  heated  molecules  with  a  subsequent 
slower  cooling  via  mechanism  (ii).  Estimates  show  that  observa¬ 
tion  of  the  solvent  interaction  (ii)  is  below  the  limit  of  detec- 
tibility  of  our  present  measurements. 

In  conclusion  we  point  out  that  subpicosecond  (S-|)  to  picose¬ 
cond  (SQ)  vibrational  decay  times  have  been  observed  for  several 
dyes  at  293  K.  A  single  vibrational  relaxation  time  cannot  account 
for  our  observations.  Clear  evidence  for  rapid  energy  redistribu¬ 
tion  of  a  vibrational  subensemble  is  obtained  from  a  comparison 
with  model  calculations.  Analysis  of  a  coherence  peak  at  tD=0 
necessitates  the  introduction  of  the  finite  vibronic  dephasing 
time  T2  .  Values  in  the  range  £  90  fs  are  suggested  for  the  in¬ 
vestigated  dye  molecules,  the  major  dephasing  mechanism  being 
made  up  by  vibrational  redistribution,  T2  =  2  Tre(3. 
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Femtosecond  Time  and  Frequency  Resolved  Fluorescence 
Spectroscopy  of  a  Dye  Molecule 

A.  Mokhtari 1 ,  J.  Chesnoy  1 .  and  A.  Laubereau  ~ 

’Laboratoire  d'Optique  Appliquee,  Ecole  Polytechnique, 

F-91128  Palaiseau,  France 
2Physikalisches  Institut,  Universitat  Bayreuth, 

D-8580  Bayreuth,  Fed.  Rep.  of  Germany 


The  electronic  and  vibrational  relaxation  dynamics  of  a  dye  molecule  following 
immediately  the  absorption  process  have  not  yet  been  fully  investigated.  An 
experimental  key  to  this  problem  is  femtosecond  fluorescence  spectroscopy,  which 
is  favoured  by  several  advantages  :  (i)  only  the  population  dynamics  of  one 
electronic  state  (Si)  are  involved  ,  (ii)  the  molecule  relaxes  freely  without 
perturbation  by  a  probing  pulse  and  (iii)  spectral  information  is  available  without 
tuning  the  laser  pulse 

We  have  improved  the  sensitivity  and  time  resolution  of  the  parametric  up- 
conversion  method  for  transient  fluorescence  spectroscopy  of  a  dye  moleculep)  in 
the  femtosecond  domain.  For  pumping  and  time  gating,  a  cw  modelocked  dye  laser, 
pumped  by  a  frequency  doubled  YAG  laser,  is  used  (pulse  duration  adjustable 
down  to  55  fs,  average  power  30  mwatts,  repetition  rate  50  MHz)  [2], 


The  fluorescence  signal  is  collected  from  a  dye  jet  and  focused  into  a  short  urea 
crystal  (100  pm  thick)  which  serves  as  a  femtosecond  light  gate.  The  continuous  up- 
converted  signal  is  frequency  analysed  by  a  monochromator  placed  in  front  of  a 
photon  counting  system.  Optimising  phase  matching  conditions,  group  velocity 
dispersion  and  geometrical  factors  lead  to  an  overall  time  resolution  of  130  Is  for  a 
signal  level  of  1000  counts  per  second  in  a  detected  bandwidth  close  to  the  spectral 
width  of  the  laser  pulse. 

We  have  studied  the  fluorescence  dynamics  of  nile  blue  in  methanol  (293K), 
which  displays  a  weak  but  simple  vibronic  structure  in  the  conventional 
fluorescence  spectrum. with  a  vibronic  modulation  at  230  cm  T  The  time  evolution  of 
the  fluorescence  at  different  sp°ctral  intervals  is  displayed  in  Fig.l . 

The  rapid  rise  of  the  signal  curves  is  limited  by  the  time  resolution  of  the 
experiment.  After  this  rapid  rise,  we  observe  a  slower  evolution  on  a  time  scale  of 
several  picoseconds  (in  the  range  of  5ps)  that  resembles  qualitatively  previous 
observations  [1].  In  addition,  we  note  a  subpicosecond  fluorescence  decay 
particularly  evident  in  the  high  frequency  wing  of  the  fluorescence  band  (Fig.l a).  In 
Fig.  2  we  show  two  examples  of  the  transient  fluorescence  spectra  together  with  the 
conventional  steady-state  spectrum. 

Transient  spectral  red  shifting,  bandwidth  narrowing  and  displacement  of  the 
vibrational  bumps  are  clearly  illustrated.  The  vibronic  line  positions  give  a  direct 
measurement  of  the  electronic  frequency  shift,  while  the  band  position  is  an 
integrated  quantity  determined  by  a  summation  over  Franck-Condon  factors.  We  find 
that  the  time  evolution  of  the  lines  and  of  the  band  center  are  not  simply  correlated. 
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Fig  .1 

Time  resolved  fluorescence  signal 
of  mle  blue  dissolved  in  methanol, 
collected  at  the  "magic  angle" 
(rotation-free).  The  up-converted 
signal  is  traced  at  the  wavelengths 
indicated  in  Fig. 2.  The  time 
resolution  is  given  by  the  width  of 
the  intensity  cross-correlation 
function  obtained  by  up-converting 
the  light  scattered  by  the  sample. 
The  detected  spectral  bandwidth  is 
12  nm. 
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FLUORESCENCE  WAVELENGTH 

Fig  2 

Transient  fluorescence  spectra  of 
nile  blue  taken  for  two  time  delays 
after  excitation.  The  laser  pulses  are 
deliberately  lengthened  to  around 
180  fs  to  resolve  the  vibrational 
structure  with  a  5nm  resolution.  The 
crosses  show  the  evolution  of  a 
given  line.  Arrows  a.b.c  indicate  the 
spectral  position  corresponding  to 
the  time  resolved  results  in  Fig.  1 
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Fig.  3 

Bandwidth  (FWHM)  of  the  fluores¬ 
cence  band  associated  to  the  relaxa¬ 
tion  of  the  vibrational  temperature  of 
the  dominant  230  cm'1  active  mode. 


From  the  time  resolved  frequency  spectrum,  the  full  bandwidth  is  obtained  and 
plotted  in  Fig.  3.  The  bandwidth  is  related  to  the  calculated  vibrational  temperature  of 
the  active  230  cm'1  mode  which  is  given  as  a  secondary  scale.  We  notice  an 
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approximately  400  fs  initial  decay  close  to  the  value  obtained  in  a  different  pump- 
probe  experiment  [3]  and  that  can  be  clearly  attributed  to  vibrational  relaxation,  and 
then  a  subsequent  decay  on  a  ~  4  ps  tjme  scale  associated  with  molecular  cooling 
having  the  same  origin  as  for  the  molecular  thermometer  of  Scherer  et  al.[4]. 
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Supercontinuum  Spectroscopy  of  Ethyl  Violet 
Using  a  Simple  Pulse  Compression  Technique 
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Time  resolved  absorption  spectroscopy  of  dyes  is  not  straightforward 
because  of  the  overlap  of  several  electronic  transitions:  transient  gain 
analysis  in  a  wide  spectral  range  is  required.  We  report  here  a  simple 
method  of  producing  short  pulses  and  supercontinuum  from  UV  to  IR  and  its 
use  for  analysis  of  the  relaxation  path  of  a  triphenylmethane  dye,  Ethyl 
Violet.  A  delayed  bleaching  is  observed  at  a  particular  wavelength  range 
and  is  interpreted  as  the  formation  of  an  absorbing  transient  state 
possibly  of  charge-transfer  nature. 

1.  Pulse  Compression  Techniques:  from  10  ns  to  sub-picosecond 

Time  shape  modification  of  a  smooth  laser  pulse  by  saturable  amplification 
was  theoretically  demonstrated  in  1963  [1],  We  extend  this  effect  to  the 
case  of  a  spiked  pulse  in  order  to  selectively  amplify  the  first  spike,  in 
a  multipass  amplifier,  and  isolate  it  by  means  of  a  single  pass  saturable 
absorber.  A  pulse  with  spikes  of  short  duration  is  produced  at  610nm  from  a 
30pm  cavity  dye  oscillator  filled  with  Rhodamine  640  and  pumped  by  a  lOOps, 
560nm,  1 0qJ  pulse.  The  latter  is  obtained,  with  the  spectro-temporal 
selection  method  previously  reported  [2],  from  a  R6G  oscillator  pumped  with 
10ns,  532nm,  10Hz,  Q-switched  Nd:Yag  laser  pulses.  An  8  pass  amplifier 
(Fig. 1 )  pumped  by  ImJ  of  £he  532nm  pulses  leads  not  only  to  a  high  energy 
amplification  of  about  10  (ASE  <  10*  without  saturable  absorber)  but  to  a 
strong  distortion  of  the  spiked  lOOps  input  pulse  shape  as  shown  in  Fig. 2 
obtained  with  a  streak  camera  (ARP).  Such  an  alteration  is  ensured  by  the 
saturation  of  the  gain  by  the  pulse  leading  edge.  When  the  fluence  within 
the  pulse  reaches,  at  a  given  pass,  saturation  value  for  the  amplifier 
medium,  the  gain  for  the  following  spikes  is  reduced.  During  the  next 
passes  the  saturation  will  be  reached  earlier  in  the  pulse.  After  six 
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Fig.l  Multipass  amplifier  compressor  C 

J _ 

—  i 

Fig. 2  a:  input  pulse;  b:  after  saturated 
amplification;  c:  after  saturable 
absorber  (instrument  limited) 
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passes  in  our  set-up  the  first  spike  is  largely  predominant.  Its  measured 
fluence  is  equal  to  the  saturation  value  F-j=0.5  mJ/cm  estimated  from 

F^  =  l/o  with  or  2.10  '^crr/  for  R640  at  610nm.  The  pump  power  is  adjusted 

so  that  the  gain  recovery  time  is  greater  than  the  pulse  duration.  Focusing 
the  output  of  the  multipass  amplifier  in  a  1mm  cell  filled  with  a  solution 
of  saturable  absorber  (DCI2  in  ethanol,  ground  state  absorptjon  recovery 
time:  20ps)  and  adjusting  the  small  signal  transmission  to  -10  ,  we  obtain 
a  single  ps  pulse  (Fig. 2c).  Subsequent  high  power  amplifiers  separated  by 
saturable  absorbers  ( DC  12)  produce  0.6ps,  0.3mJ,  around  610nm  pulses.  An 
intensity  modulation  (period  340  fs)  arises  from  mode  beating  due  to  the 
30pm  cavity  used  [2b],  These  pulses,  when  focused  in  a  1cm  cell  filled 
with  water,  generate  a  wide  super-continuum  from  UV  to  IR  from  which  narrow 
bands  can  be  selected  with  interference  filters.  Thus  sub-ps  pulses  at  any 
wavelength  are  cheaply  obtained  from  a  single  standard  Q-switched  Nd : YAG 
laser  (non  mode-locked). 

2.  Excited  State  Relaxation  of  Ethyl  Violet  (Fig.  3) 

Relaxation  dynamics  in  TPM  dyes  have  been  extensively  studied  in  both 
steady  state  and  time-resolved  experiments  from  ns  to  fs  (see  ref.  in 
[3-6]).  The  fast  deactivation  of  the  excited  state  was  described  by  a 
barrierless  torsional  relaxation,  but  the  existence  of  an  intermediate 
electronic  state  in  the  relaxation  process  is  much  debated  [3-6].  One 
difficulty  in  analysing  transients  in  dyes  is  due  to  overlap  of 
photoinduced  absorption,  ground  state  bleaching  and  gain.  Figure  4  shows 
the  "initial"  variation  of  optical  density  AD  measured  at  the  end  of  the 
pump  pulse  with  a  pol ychromator  and  an  OMA  by  the  usual  pump-probe  method, 
from  350  to  850nm  for  Ethyl  Violet  in  hexanol ,  at  room  temperature.  This 
spectrum  was  deduced  from  measurements  of  the  transmitted  probe  spectra 
before  and  just  after  pumping.  The  contribution  of  the  excited  state  to  the 
initial  small  gain  coefficient  (  r  =  -  2.3  D/I  )  for  the  probe  l-’ght 
through  the  excited  sample  of  length  I  was  estimated  from  A;  and  the 
plateau  value  of  the  quantity  A/ /?  0  (/{):  with  no  pumping).  This 
contribution  (thick  line  in  Fig.  4  in  optical  density  units)  is  found  to  be 
positive  and  negative  above  and  below  570  nm,  respectively. 

Time  dependent  transmission  curves  in  various  solvents  were  directly 
recorded  in  a  two-beam  set-up  successively  tuned  at  450,  550  and  670  nm  by 
filtering  the  supercontinuum  probe  beam.  In  contrast  with  the  sharp  rise  of 
the  net  gain  at  670nm  and  of  the  net  transient  absorption  at  450nm,  a 
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delayed  absorption  bleaching  is  observed  around  550nm.  In  Fig. 5,  a  delay  of 
about  2ps  can  be  seen  for  Ethyl  Violet  in  tetrahydrofuran  at  room 
temperature.  The  delayed  bleaching  can  be  explained  with  a  molecular 
relaxation  model  involving  the  formation  of  an  intermediate  state  S  as 

X 

shown  on  Fig. 6.  We  neglect  the  stimulated  emission  from  assuming  that  it 

may  be  either  a  distorted  form  of  the  excited  state  with  a  small  n  or  a 

distorted  form  of  the  ground  state.  The  shape  of  the  observed  transmission 
curves  for  the  probe  beam  through  the  excited  sample  can  be  explained  with 

T(t)  =  exp  [-  <7oN0(t)  +  -  <rui  )Ni  (t)  -  ,TuxNx(t)  ]  I 

A  good  fit  can  be  obtained  by  adjusting  the  quantities  <T#)-  and  |TU>(' 
It  shows  that  both  St  and  Sy  states  contribute  to  the  observed  decays  at 
450,  550nm  and  670nm.  At  550  nm,  where  n  .  -  0,  <7  and  <?  are  significant 
but  smaller  than  rr  ,  The  rapid  relaxation  from  S  to  S  with  o  <  a 

O  1  X  U  X  U  1 

explains  the  delayed  bleaching. 


Fast  relaxation  involving  the  formation  of  a  TICT  state  due  to  the 
electron  donor  character  of  the  anilino  groups  was  suggested  in 
fluorescence  quenching  experiments  [6],  We  compared  the  formation  and 

relaxation  rates  in  solvents  of  high  and  low  dielectric  constant  of 
comparable  viscosity:  ethanol  and  dioxane,  acetonitrile  and  tetra¬ 
hydrofuran.  No  specific  r61e  of  the  solvent  dielectric  constant  could  be 
observed  which  is  not  a  priori  in  favor  of  a  TICT  of  the  type  defined  by 
GRABOWSKI  et  al  [7).  However  formation  of  TICT  states  governed  by  molecular 
structure  and  by  molecular  subunits  electron  donor-acceptor  properties  were 
reported  in  non  polar  solvents  and  in  gas  phase  [8].  This  may  also  be  the 
case  for  TPM  dyes  since  the  rotation  of  the  anilino  groups  is  obviously 
concomitant  with  a  positive  charge  either  on  the  central  carbon  atom  or  on 
one  nitrogen  atom:  possibly  has  a  charge  transfer  nature. 
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Introduction.  The  fluorescence  properties  of  tryptophan  and  its  derivatives 
in  solution  have  been  the  subject  of  intense  study  for  several  years  [1]. 

This  research  effort  has  been  motivated  primarily  by  its  importance  as  an 
intrinsic  fluorescent  probe  of  protein  structure  and  conformational  dynamics 
[2,3].  The  use  of  frequency  conversion  optical  gating  in  this  work  results  in 
an  increase  in  time  resolution  of  two  orders  of  magnitude  over  previous  mea¬ 
surements  of  the  time  resolved  fluorescence  anisotropy  of  tryptophan.  An 
important  parameter  in  the  evaluation  of  time  resolved  fluorescence  depolar¬ 
ization  data  is  the  experimental  value  of  the  anisotropy  at  zero  time,  r(0). 

It  is  the  intrinsic  polarization  anisotropy  of  the  chromophore  and  is  a  func¬ 
tion  only  of  the  orientation  of  the  absorption  and  emission  transition  dipole 
moments.  The  theoretical  value  for  a  chromophore  with  parallel  absorption 
and  emission  transition  dipoles  is  0.4.  Observations  of  experimental  values 
of  r ( 0 )  less  than  the  theoretically  predicted  value  generally  indicate  the 
existence  of  relaxation  processes  occurring  on  a  time  scale  shorter  than  the 
time  resolution  of  the  experiment.  These  processes  can  involve  actual  reor- 
ientational  or  librational  motion  of  the  molecule  or  purely  electronic  ( v i - 
bronic)  relaxation  mechanisms  [4,5,6].  Prior  to  the  measurements  presented 
here,  the  theoretical  limiting  value  ( r ( 0 ) =0 . 4 )  for  tryptophan  had  never  been 
observed.  The  spectroscopy  of  tryptophan  is  complicated  by  the  existence  of 
two  overlapping  electronic  transitions  with  roughly  perpendicular  transition 
moments,  designated  the  1^  and  1 L5  bands  [7,8,9],  Theoretical  modeling  of 
fluorescence  anisotropy  decay  of  tryptophan  including  the  effects  of  'La, 
level  kinetics  has  shown  that  the  form  of  the  decay  and  the  value  of  the 
initial  anisotropy  can  depend  strongly  on  the  ratio  of  excited  states  pre¬ 
pared  and  the  observation  wavelength  of  the  fluorescence  [10], 

Experimental.  The  ultraviolet  fluorescence  upconversion  spectrometer 
developed  for  this  work  is  shown  in  Fig.  1.  The  second  harmonic  of  a  mode- 
locked  NdiYAG  laser  is  used  to  synchronously  pump  a  cavity  dumped  dual  jet 
hybrid  R6G  dye  laser  with  chirp  compensation.  The  1  nm  bandwidth,  output 
pulses  are  cavity  dumped  and  amplified  at  a  12  kHz  repetition  rate  in  a 
copper  vapor  laser  based  6  pass  amplifier.  The  second  harmonic  of  the  ampli¬ 
fied  pulse  is  used  to  excite  the  sample.  The  fluorescence  is  collected  and 
upconverted  by  type  I  mixing  with  the  fundamental  in  a  beta-barium  borate 
crystal.  The  upconverted  signal  is  detected  by  gated  photon  counting  with  a 
solar  blind  PMT.  A  500  fs  response  function  for  the  system  generated  by  the 
cross-correlation  of  a  578  nm  dye  laser  fundamental  with  its  second  harmonic 
and  detected  at  192  nm  is  shown  in  the  inset  on  the  right  hand  side  of  Fig.  1. 
The  system  response  function  varied  between  500  fs  and  1  ps  depending  on  the 
experimental  excitation  wavelength.  Since  the  upconversion  signal  is  propor¬ 
tional  to  the  cube  of  the  laser  power,  small  changes  in  power  can  have  a 
dramatic  effect  on  the  signal  level.  To  insure  the  integrity  of  the  data,  the 
count  period  is  determined  by  the  product  of  the  intensities  of  the  fluores¬ 
cence  and  the  fundamental  and  thereby  compensates  for  laser  power  drifts  over 
the  course  of  data  acquisition. 
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Fig.  1.  Schematic  for  ultraviolet  fluorescence  upconversion  spectrometer. 
Inset:  500  fs  cross  correlation  of  the  578  nm  dye  laser  fundamental  with  its 
second  harmonic.  Sum  frequency  detection  at  192  nm. 


Results  and  Discussion.  The  raw  parallel  and  perpendicular  polarization  decay 
components  for  tryptophan  in  water  excited  at  300  nm  are  shown  in  Fig.  2. 
Fluorescence  at  330  nm  (+/-  5  nm)  on  the  short  wavelength  edge  of  the  trypto¬ 
phan  emission  was  mixed  with  the  600  nm  fundamental  to  produce  the  upconverted 
signal  near  213  nm.  A  short  decay  component  with  a  2.6  picosecond  lifetime  is 
found  in  both  the  parallel  polarization  component  of  the  emission  and  the 
total  intensity  decay  of  the  f luorescence.  The  detection  wavelength  and  time 
scale  of  the  decay  suggest  that  it  is  due  to  unrelaxed  emission  from  the  1  Lb 
state.  The  raw  anisotropy  under  these  experimental  conditions  has  an  initial 
value  of  0.4.  The  anisotropy  decay  consists  of  a  2.6  psec  decay  component  and 
a  slower  decay  component  corresponding  to  the  overall  rotational  diffusion  of 
the  molecule.  Data  simulated  using  the  Cross-Fleming  model  for  fluorescence 
depolarization  including  the  effects  of  level  kinetics  are  shown  in  the  inset. 
The  parameters  used  in  these  preliminary  simulations  were  chosen  to  approxi¬ 
mate  the  experimental  conditions  i.e.  long  wavelength  mostly  *La  excitation 
and  detection  of  short  wavelength  mostly  emission.  The  rate  constants 
used  in  the  simulations  were  crude  order  of  magnitude  estimates  based  on 
literature  values.  The  general  form  of  the  simulated  decays  are  in  good 
agreement  with  the  raw  experimental  data.  It  is  interesting  to  note  that 
the  unusual  shape  of  the  horizontal  emission  component  is  reproduced  by  this 
simple  model.  For  purely  orientational  motion  this  polarization  component 
would  exhibit  a  simple  risetime  correlated  with  the  decay  of  the  parallel 
polarization  component.  Data  collected  at  higher  excitation  energies  (289  nm, 
290  nm,  292  nm,  294  nm  and  297  nm)  under  the  same  emission  detection  condi¬ 
tions,  all  have  a  short  1  to  4  psec  lifetime  component  in  the  total  fluores¬ 
cence  decay.  The  raw  anisotropies  constructed  at  these  wavelengths,  however, 
exhibit  different  initial  anisotropies  and  short  time  decay  behavior.  The 
initial  anisotropies  vary  from  an  r(0)=0.3  at  297  nm  excitation  to  an  r(0)= 
0.18  at  289  nm.  Evaluation  of  these  data  within  the  level  kinetics  model  as 
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Fig.  2.  Parallel  (top  curve)  and  perpendicular  polarization  components  of 
the  tryptophan  emission.  [300  nm  excitation,  330  nm  +/-  5  nm  fluorescence, 
600  nm  gate  pulse,  upconverted  signal  detected  at  213  nm.]  Inset:  Simulated 
data.  See  text. 


well  as  acquisition  of  fluorescence  anisotropy  data  on  the  long  wavelength 
edge  of  the  emission  band  is  currently  underway.  Detailed  simulations  of  the 
anisotropy  along  with  refinement  of  the  kinetic  model  to  include  the  effects 
of  solvent  relaxation,  will  certainly  be  necessary  to  understand  the  complex 
polarization  anisotropy  of  tryptophan  at  short  times.  In  conclusion,  the 
initial  anisotropy  and  short  time  decay  behavior  of  tryptophan  are  found  to  be 
complicated  by  non-rotational  contributions  to  the  anisotropy  decay  arising 
from  the  interaction  of  the  two  low  lying  *1,  and  l|_b  excited  states  on  the 
one  to  two  picosecond  time  scale.  These  initial  results  indicate  that  the 
use  of  time  resolved  fluorescence  depolarization  measurements  to  obtain  infor¬ 
mation  on  short  time  librational  motions  of  tryptophan  sidechains  in  proteins 
may  be  severely  complicated  by  contributions  to  the  anisotropy  from  these  elec¬ 
tronic  (vibronic)  relaxation  processes. 
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Since  the  first  observation  of  the  external  magnetic  field  effect 
on  the  banded  emission  of  CS^  vapor  excited  by  a  nitrogen  laser 

[1] ,  several  studies  have  been  done  to  elucidate  the  origin  of  the 
effect[2,3].  In  the  nitrogen  laser  wavelength  region,  we  have 
already  shown  that  the  integrated  intensities  of  the  excitation 
spectra  for  the  banded  emission  are  reduced  by  magnetic  fields 
without  changing  the  emission  lifetime  in  the  nanosecond  time 
scale [4],  This  indicates  that  certain  intramolecular  process¬ 
es  are  accelerated  by  the  fields  and  excludes  the  applicability 
of  the  Zeeman  detuning  model  [3]. 

There  remains,  however,  a  contradiction  in  the  term  of  "  the 
intensity  reduction  without  change  of  the  lifetime" .  Therefore 
we  have  extended  the  investigation  to  the  lowest  allowed  state; 

^2  (  Kleman's  V  state  ).  Here,  we  have  confirmed  the  general¬ 
ity  of  the  phenomena  by  measuring  the  magnetic  field  effect  on 
the  intensities  of  fluorescence  excitation  spectra  and  the  life¬ 
time  in  the  micro-  to  pico-second  time  scale. 

Figure  1  shows  fluorescence  excitation  spectra  observed  for 
the  6V  band  region  of  CS,  in  a  supersonic  free  jet  of  2  atm  He 
by  monitoring  only  banded  emission.  As  can  be  seen  from  this 
figure,  magnetic  fields  reduce  the  integrated  intensity,  S  , 
with  little  Zeeman  broadening.  The  magnetic  quenching  shows 
no  systematic  dependence  on  the  rotational  quantum  number  but 
the  extent  changes  from  line  to  line  within  one  vibronic  band. 

The  integrated  intensity  of  the  whole  region  was  found  to  de¬ 
crease  monotonically  with  the  increase  of  the  field.  Up  to 
8.3  kG,  no  saturation  for  the  magnetic  quenching  has  been  found. 
The  same  behavior  could  be  observed  for  all  other  bands  (  9V, 

10V,  13V,  15V  ) . 

The  fluorescence  decay  curves  observed  in  the  absence  and  pre¬ 
sence  of  magnetic  fields  are  shown  in  Figure  2.  CS2  of  1.7  Torr 
was  excited  at  the  head  of  6V  band  by  using  a  synchronously  pump¬ 
ed  cavity-dumped  dye  laser[5].  Only  banded  emission  was  monitor¬ 
ed.  The  fast  decay  component  in  the  sub-nanosecond  time  scale 
can  be  recognized,  which  is  more  evident  with  increasing  the 
field  strength.  The  least  square  fit  to  a  function  of  the  form 

I ( t )  =  C^exp(  -kft  )  +  Cgexp(  -kgt  ) 

gives  the  lifetime  of  the  fast  decay  component  (tg)  to  be  520  ps 
at  0  kG.  Magnetic  fields  make  the  fast  decay  component  conspic- 
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Figure  1.  Fluorescence  exci¬ 
tation  spectra  in  the  6V  band 
region  of  Cs2  in  a  supersonic 
jet  of  2  atm  He  (a)  at  0  kG, 
(b)  at  4.9  kG,  (c)  at  8.3  kG 


Figure  2. 

Magnetic  field  dependence  of 
fluorescence  decay  of  1.7 
Torr  CS2  excited  to  6V  band 
head.  Only  banded  emission 
at  347  nm  was  monitored 


uous  and  shorten  t  (  250  ps  at  8.3  kG  and  190  ps  at  15.1  kG  ) 
without  changing  slow  decay. 

These  results  indicate  that  CS-,  belongs  to  a  so-called  inter¬ 
mediate  case  molecule [6].  As  seen  in  Figure  3,  the  dependence 
of  pre-exponential  facter  ratio  Cf/C  on  the  field  is  almost 
linear,  which  is  consistent  with  thestheory I  6 , 7 ]  .  No  saturation 
however,  was  found  up  to  15.1  kG.  This  fact  and  that  t,  is 
strongly  dependent  on  the  field  strength  as  mentioned  above  are 
somewhat  different  from  the  case  for  usual  organic  molecule  such 
as,  for  example,  pyrazine[8]  and  suggest  that  some  mechanism  oth¬ 
er  than  spin  decoupling  [7 , 8]  would  be  operative  in  the  case  of 
CS  2  • 

Because  of  the  proportional  relation  between  Cf/Cs  and  the  num¬ 
ber  of  coupled  states  in  the  ISC  process,  the  result  of  Fig.  3 
indicates  that  the  magnetic  quenching  of  fluorescence  can  be  ex¬ 
plained  in  terms  of  the  enhancement  of  the  first  dephasing  process 
into  triplet  manifold  due  to  the  increase  in  the  number  of  coup¬ 
led  states  induced  by  magnetic  fields. 
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Figure  3 

Plot  of  C^/Cs  as  a  function 
of  magnetic  field  strength 
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Excited-state  photoelectron  spectra  have  been  obtained  success¬ 
fully  with  a  picosecond  pul3e  laser  at  the  Rydberg  A  state  (v’=2) 
of  ammonia  and  at  different  vibronic  levels  of  the  first  singlet 
state  of  benzene  in  jets  at  208.8,  228.7,  and  252.7  nm .  Some 
spectra  are  possibly  assigned  to  resonant/non-resonant  ionization 
before  and  after  vibrational  relaxation. 


1.  INTRODUCTION 

It  is  quite  attractive  to  employ  a  picosecond  pulse  UV  laser 
in  photoelectron  spectroscopy  to  study  the  excited-state 
dynamics  of  molecules.  Multiphoton  resonant  ionization  makes 
it  possible  to  provide  a  photoelectron  spectrum  of  a  specific 
excited  state  [1-5].  In  general,  the  ionization  of  a  resonant 
excited  state  is  more  or  less  in  competition  with  deactivation 
processes  such  as  electronic  and  vibrational  relaxation  [1-4], 
as  shown  schematically  in  Fig.  1. 

Therefore,  it  is  possible  to  study  molecular  excited-state 
dynamics  by  photoelectron  spectroscopy.  Such  a  photoelectron 
spectrum  reflects  the  final  ionic  states  as  well  as  the 
resonant  excited  state,  according  to  ionization  selection 
rule.  The  rate  of  photoionization,  k^ ,  is  given  by  k ^  =  Iff, 
where  I  is  the  laser  intensity  and  ff  is  ionization  cross 
section.  Therefore,  if  a  mJ  picosecond  laser  is  used  instead 
of  a  mJ  nanosecond  laser,  we  may  expect  that  increases  by 
about  2-3  orders  of  magnitude. 

In  the  present  paper,  we  demonstrate  several  picosecond 
photoelectron  spectra  for  some  excited  states  of  ammonia  and 
benzene  at  208.8,  228.7,  and  252.7  nm . 


ki 


kd  Fig.  1.  Competition  of  ionization  and 
deactivation  at  a  resonant  state.  The 
rates  of  ionization  and  deactivation 
are  shown  by  k ^  and  k^,  respectively 
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2.  EXPERIMENTAL 


The  picosecond  pulse  UV  lasers  of  208.8,  228.7,  and  252.7  nm 
were  produced  though  a  hydrogen  Raman  shifter  (10  atm),  using 
the  second  harmonic  generation  (532  nm )  of  a  mode-locked 
picosecond  Nd-YAG  laser  (35  ps ,  10  mJ ,  10  Hz;  Quantel  Model 
501DP).  Photoelectron  kinetic-energy  spectra  were  measured 
with  a  molecular  beam  apparatus  with  a  time-of-f light  electron 
analyzer  [1-3],  by  accumulating  photoelectron  signals  for 
5,000-10,000  times. 


3.  RESULTS  AND  DISCUSSION 
3.1.  Ammonia 

At  208.8  nm,  ammonia  was  ionized  by  two  photon  through  the 
one-photon  resonant  Rydberg  A  state  (vo’=2),  at  which  fast 
predissociation  takes  place.  The  resulting  photoelectron 
spectrum  is  shown  in  Fig.  2,  consisting  of  a  vibrational 
progression,  which  can  be  explained  in  terms  of  iij  +  and  . 

The  most  interesting  point  is  that  although  the 
picosecond  spectrum  (Fig.  2)  is  essentially  the  same  as  a 
nanosecond  one  in  spectral  pattern,  the  former  intensity  is 
much  stronger.  This  means  that  the  picosecond  ionization  is 
much  larger  than  the  nanosecond  ionization. 


3 . 2  Benzene 


Photoelectron  spectra  obtained  by  (1+1)  resonant  ionization 
through  the  Sj  state  of  benzene  at  252.7,  228.7.  and  208.8  nm 
are  shown  by  spectra  (a-c)  in  Fig.  3  .  Spectrum  (a)  originates 
from  the  Sj  6M1  vibronic  level.  Several  peaks  in  spectrum  (a) 
can  be  assigned  to  the  vibrational  levels  of  the  ion,  as  indi¬ 
cated  in  a  nanosecond  photoelectron  work  [5].  Only  ionization 
from  6  1  (or  6 1 1 2 )  is  observed  [3,5J.  The  lifetime  of  the  SM*" 
level  has  been  reported  to  be  47  ns  [6). 

Spectrum  ( b)  consists  of  a  single  peak  at  1.5  eV  and  a 
broad  band  with  several  peaks  in  the  lower  energy  region. 

At  228.7  nm,  benzene  is  initially  excited  to  the  6^1^ 
vibronic  level  which  is  4200  cm-1  above  the  Sj  origin.  The 
1.5-eV  peak  corresponds  to  (2 hv  -  Ia ) ,  indicating  that 
nonresonant  ionization  takes  place,  where  Ta  is  the  adiabatic 


Photoelectron  Energy  (eV) 


photoelectron  spectrum 
Rydberg  A  state  <  V2 ’ =  2 ) 
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Fig.  3.  The  picosecond  photoelectron  spectra  of  the  benzene  Sj 
state.  (a)  X  =  252.7  nm ,  the  6  l'  level;  (6)  X  r  228.7  nm, 
the  61!4  level  (4200  cm-:);  ( c)  X  =  208.8  nm ,  a  higher 
vibronic  level  (8300  cm-1).  Arrows  show  2-photon  non-resonance 


ionization  energy  (9.25  eV )  .  Such  nonresonant  ionization  was 
not  detected  with  an  ordinary  nanosecond  laser.  The  broad 
band  in  spectrum  (  b)  is  probably  due  to  photo i on i zat i on  after 
IVR  as  previously  suggested  in  the  nanosecond  work  [3]. 

Several  small  peaks  on  the  broad  band  may  be  from  the 
optically  prepared  vibrational  level. 

Spectrum  (c)  shows  a  distinct  peak  at  2.7  eV  which  again 
corresponds  to  nonresonant  ionization  and  a  broad  band  with 
many  peaks.  Benzene  is  initially  excited  probably  to  a  higher 
level  (8300  cm-1  above  the  Sj  origin).  The  appearance  of  the 
several  small  peaks  on  the  broad  band  suggests  that  ionization 
from  vibrational  levels  takes  place  even  in  such  high  levels. 

From  the  present  picosecond  laser  work,  we  have  found  that 
the  following  three  kinds  of  ionizations  occur  for  the  benzene 
Sj  state:  (1)  2-photon  nonresonant  ionization  given  by  (2 hv 
-  7^);  (2)  2-photon  resonant  ionization  which  reflects  the 

optically  prepared  vibronic  level;  and  (3)  2-photon  two-step 
ionization  in  which  the  second  step  proceeds  after  IVR. 
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Simultaneous  Analysis  of  the  Fluorescence  Decay  Surface 
of  Tryptophan  as  a  Function 

of  Temperature,  pH,  Quencher  and  Emission  Wavelength 

N.  Boens,  L.D.  Janssens,  and  F.C.  De  Schryver 

Department  of  Chemistry,  Katholieke  Universiteit  Leuven, 
Celestijncnlaan  200  F,  B-3030  Heveriee-Leuven,  Belgium 


Time-resol  ved  fluorescence  measurements  11,21  are  a  valuable  tool  in  our 
understanding  of  the  often  complex  photophysical  behavior  of  biological  sys¬ 
tems  .  TVyptophan  has  been  extensively  used  as  intrinsic  fluorescent  Drobe 
for  protein  structure  and  dynamics.  A  detailed  understanding  o£  tryotophyl 
yhotophysics  is  needed  for  a  proper  interpretation  of  the  experimental 
results.  For  reviews  of  tryptophyl  pnotophysics,  see  refs.  131  and  (A], 

Tnere  is  convincing  evidence  that  tryptODhan  fluorescence  decays  at  oH  7 
are  biexponential  witn  a  subnanosecond  component.  Above  dH  7,  the  decays  a>'e 
triple-exponential  with  the  long  component  due  to  anionic  tryptophan.  All 
those  results  were  obtained  by  conventional  /single  curve)  data  analysis  in 
which  tne  fluorescence  decays  were  described  individually  in  terms  o£  expo¬ 
nential  decay  times  .  and  their  associated  seal  inn  factors  ...  'his  anal  .ti 
cal  approach,  although  adequate  in  many  cases,  fails  to  take  Lull  advantage 
of  relations  that  may  exist  between  individual  decays.  The  simultaneous 
global)  analysis  of  multiple  curves  I b , 6 1  utilizes  land  tests)  those  rela- 
tionsnips  by  keeping  some  model  parameters  in  common  between  different 
related  experiments.  This  type  of  analysis  imposes  the  model  directly  on  the 
actual  decay  data.  The  advantages  of  the  global  analysis  method  over  single 
curve  analysis  are  the  improved  model  testing  capability  and  higher  accurac., 
of  the  recovered  parameters .  In  global  analysis,  the  parameters  keot  common 
between  related  decays  ran  be  tne  decay  times  ..  However,  in  most 
instances,  •  values  will  vary  between  analogous  experiments.  The  set  of 
■  / ,  ■  ■  are  thus  empirical  descriptors  of  the  fluorescence  decavs.  'he  prima»--, 
parameters  of  interest  in  simultaneous  analysis  are  decay  rate  constants, 
activation  energy,  enthalpy  and  entrop/. 

Fluorescence  decay  curves  of  tryptophan  were  obtained  using  the  39:  nr 
excitation  of  a  mode-locked,  cavity-dumped,  synchronousl y  pumped,  frequency- 
doubled  R6G  dye  laser  with  single  photon  timing  detection  |1,2|.  Detai’s  cf 
the  fluorescence  lifetime  apparatus  are  given  in  ref.  |7|.  The  tryptop*''.  ’ 
decays  were  measured  against  monoexponential  standards  | 8 , 9 1  as  a  function 
of  pH,  temperature,  acrylamide  concentration  and  emission  wavelength.  Tne 
decays  [with  6000  to  10000  peak  counts)  collected  in  l'2k  channels  w> -re  simp' 
taneously  analyzed  in  terms  of  various  discrete  decay  rate  constants,  acti¬ 
vation  energies  and  frequency  factors. 


pH  dependence 

Fluorescence  decays  of  tryptophan  in  phosphate  buffer  pH  6.0,  7.6  and  8.1, 
and  in  borate  buffer  pH  9.8  at  21  C  were  collected  at  analysis  wavelengths 
ranging  from  310  to  440  nm.  Simultaneous  analysis  of  7  curves  indicated  that 
tr/ptophan  at  pH  6.0  decays  biexponential  1 y  (Eq.(l),  p=2)  with  decay  times 
,  -  760  -  11  ps  and  =  2.83  -  0.002  ns.  The  two  decay  times  were  invari¬ 
ant  (linked)  between  tne  decay  curves.  The  preexponentials  varied  with  wave- 
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length  :  the  short  decay  time  r.  contributed  more  to  the  total  fluorescence 
at  shorter  analysis  wavelengths: 


f  (t)  =  P  , .  expi  -t/x  I 
s  j=i  J  J 


(1) 


In  Eq.  (1}  f  (t)  is  the  fluorescence  '-response  of  the  sample,  p  denotes  the 
number  of  exponential  terms  considered  in  the  decay,  ■  ■  is  the  jth  decay 
time  and  its  associated  preexponential  .  J 

The  global  analysis  of  5  tryptophyl  decay  curves  at  pH  7.5  gave  a  valid 
fit  when  all  decays  were  analyzed  simultaneously  as  a  triple  exponential 
(Eq.  (1),  p=3)  with  the  three  decay  times  invariant.  The  estimated  decay 
times  were  =  704  -  14  ps,  s  =  2.85  -  0.01  ns  and  =  7.00  -  0.86  ns. 
When  the  decays  were  analyzed  one  at  a  time,  a  biexponential  model  could  in 
all  cases  specify  the  data.  Global  biexponential  analysis  of  the  curves, 
however,  gave  an  inadequate  fit.  At  pH  8.5  the  fluorescence  decays  of  trip¬ 
tophan  are  triple  exponential  (Eq.  (1),  p=3,  =  700  -  19  ps,  T,  =  2.98  - 

0.03  ns,  j  =  7.84  -  0.13  ns).  Simultaneous  biexponential  analysis  and 
single  curve  analysis  also  indicated  that  a  third  (long  lived)  decay  compo¬ 
nent  is  present.  Global  analysis  of  12  tryptophan  fluorescence  decays  in 
borate  buffer  indicated  that  tryptophan  at  pH  9.8  decays  triple-exponen- 
tially  (Eg.  (1),  p=3)  with  decay  times  =  628  -  28  ps,  -  2.70  -  0.04  ns 
and  3  =  8.38  -  0.05  ns . 


Jem per_a ture  d ependence 

23  fluorescence  decays  of  Trp  in  phosphate  buffer  pH  6.0  were  collected  at 
320,  360,  and  400  nm  at  temperatures  ranging  from  25.6  to  60.3'C.  When  thp 
decays  were  analyzed  globally  according  to  Eq.  (2)  ( p = 3 )  with  k  .-,  A  ,  E  ‘, 
k  .  ,  A 2  and  E  2  linked  between  all  curves,  ao  adequate  fit  wasobtained 
with  k  1  =  1.3  x  10*  s'1,  A  =  3.5  x  10,  s'1,  E  1  =  93.3  kj/mol,  k  2  = 

4.3  x  IO'  s'1,  a  =  3.8  x  10  2  s‘l  and  E  2  =  25.3akJ/mol.  The  activation 
energy  of  the  fast  decay  component  is  enormous.  W^en  the  activation  energies 
for  the  two  decav, comoonents  were  linked  ft,  =  Ed  ■  1 ,  a  satisfactory  fir  was 
obtained  with  k  /  =  1.3  2  0.04  x  109  s'1,  A1  -  2.6  x  105  -  1.6  x  1012  s'1. 

k  2  =  9‘5  '  °-'  x  1q/  s"1’  =  3.0  ±  0.5  x  1012  x-l,  and  E  1  =  Efl'  =  28." 

f  0.5  kj/mol .  The  frequency  factor  of  the  fast  decay  component  is  very  small 
and  has  an  extremely  large  standard  deviation.  These  two  global  data  analy¬ 
ses  indicate  that  the  short  decay  time  i,  is  independent  of  temperature . 
Indeed,  the  best  fit  was  obtained  when  t:  was  assumed  to  be  independent  0* 
temperature  while  was  temperature  dependent.  The  recovered  dgcav  parame¬ 
ters  wore  :  k  ■  =  1.3  1  0.01  x  109  s'1,  k  2  =  9.6  x  107  s'1,  A;:  =’3.2  - 
1 0 1 3  s'1,  and  E  2  =  28.9  kj/mol .  The  23°decays  were  also  analyzed  individu¬ 
ally  as  biexponentials  (Eq.  (1),  p=2 ) .  Valid  fits  were  obtained  in  all 
cases.  r,  values  could  be  described  by  Eq.  (3),  yielding  the  following 
values  :  kot2  =  1.3  x  108  s'1.  A2  -  C.l  x  1012  s'l  and  E  2  -  30.7  kj/mol .  The 
nonlinear  analysis  of  the  short  decay  times  did  not  converge.  A  perfect  fit 
was  obtained  when  the  23  Trp  decays  were  analyzed  globally  as  biexponentials 
(Eq.+(1),  p=2)  with  linked  between  all  decays.  The  estimated  t  value  was 
717  -  12  ps,  equivalent  to  k^1  ^  1.4  x  109  s"1 .  Describing  the  long  decay 
times  r0  by  Eq.  (3)  gave  k  .*  =  6.2  x  in7  s  ,  A2  =  1.3  x  1012  s'1  and  E  2  = 

26.3  k-J^mol.  3 

fcft)  -  P  expl -t  fk  2  +  AJ  exp(-E  J/T1)I 
b  j  - 1  J  0”.  a 
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In  Eq.  (2)  kQtJ ,  E  J  and  AJ  are  respectively  the  temperature  independent 
decay  rate  constant,  the  activation  energy  and  the  frequency  factor  for  the 
jth  exponential . 


t2_1  =  kot2  +  exp(-Ea2/RT) 


(3) 


Quenching 


14  fluorescence  decays  of  Trp  in  phosphate  buffer  pH  6.0  at  22.5'C  were 
collected  at  320,  360,  and  400  nm  in  the  presence  of  acrylamide  quencher 
concentrations  ranging  from  0  to  6  x  10~8  m.  The  decays  were  analyzed  glob 
ally  according  to  Eq.  (4)  with  kQ  1 ,  kq1,  k  8,  and  kq±  linked  between  al] 

A  satisfactory  fit  was  obtained  with  k0„l  =  1.24  ±_0.03 
-  ft  1  q  x  10°  M’is"1  '  °  ‘  x  ■ 


curves . 
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fs(t)  =  ij  exp[  -t  (koqJ  +  kqJ  (Ql)l  (4; 

In  Eq.  (4)  k  J  and  k  J  denote  respectively  the  decay  rate  constant  in  the 
absence  of  quencher  Qqand  the  bimolecular  quenching  rate  constant  for  the 
jth  exponential  term. 

The  simultaneous  analysis  of  42  tryptophan  fluorescence  decays  measured 
at  pH  6.0  as  a  function  of  temperature  (20-60'C),  quencher  concentration  (0- 
0.06  M)  and  analysis  wavelength  ( 31 ' -440  nm)  indicated  that  the  short  decay 
component  is  constant  under  these  experimental  conditions. 

The  results  obtained  by  the  examination  of  the  fluorescence  decay  surface 
of  tryptophan  demonstrate  the  power  of  this  analysis  approach  in  exploring 
complex  photophysical  behavior. 
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1.  Introduction 

From  the  measurements  of  phosphorescence  and  triplet-triplet  (T‘-  T  j_)  absorp¬ 
tion  spectra  of  i-chloro-  and  x-bromoanthraqui nones  at  77  K,  we  have  con¬ 
cluded  that  the  lowest  triplet  (Tj)  states  of  these  compounds  are  of  mixed 
n;1*-:;!!  *  or  in*  character,  while  the  mi*  triplet  states  are  the  lowest  ones 
for  2- chloro-  and  2-bromoanthraquinones  [1,2].  Upon  the  picosecond  laser 
photolysis  of  1,8-dichloroanthraquinone  (DCAQ)  in  solutions  at  room  tempera¬ 
ture,  we  have  observed  that  the  second  triplet  (T2)  state  builds  up  and 
decays  on  the  first  picosecond  time  scale  [3].  Since  the  abnormally  long 
internal  conversion  time  is  obtained,  this  paper  deals  with  the  excited 
state  dynamics  of  1,8-dibromoanthraquinone  (DBAQ)  in  carbon  tetrachloride 
(CC1 4)  at  room  temperature. 

2.  Experimental 


The  details  of  our  picosecond  transient  absorption  spectrometer  have  been 
given  elsewhere  [4],  The  second  harmonic  (347.2  nm)  from  a  mode-locked  ruby 
laser  was  used  for  sample  excitation.  The  mean  pulse  width  (30  ps)  and  the 
time-zero  point,  t =0,  were  determined  from  the  overlap  of  excitation  and 
probing  pulses  by  measuring  the  buildup  of  T'<Tj  absorption  of  benzophenone 
(in  n-heptane)  at  530  nm.  A  double-beam  optical  arrangement  was  adopted, 
and  absorption  spectra  in  the  200-nm  scanning  region  were  recorded  with  two 
multichannel  photodiode  systems. 

3. _ Results  and  discussion 


Figure  1  shows  the  transient  absorptions  of  DBAQ,  observed  by  the  picosecond 
laser  photolysis  in  CC1 4  at  room  temperature.  Clearly,  Band  A  builds  up  and 
decays  on  the  first  picosecond  time  scale,  while  Bands  Bj  and  B2  build  up 
continously.  Since  the  spectrum  taken  at  6  ns  is  identical  with  the  T'-«-Ti 
absorption  spectrum  of  DBAQ,  it  may  be  concluded  that  Band  A  is  due  to  a 
precursor  (the  P  state)  of  the  Ti  state.  When  absorption  bands  of  two  tran¬ 
sient  species  overlap  each  other,  simple  analysis  of  the  time  variation  of 
them  is  impossible.  As  shown  in  Fig.  2,  let  the  observed  spectra  be  E  and  F 
at  times  t2  and  tj  (t2  -tj),  respectively,  and  let  the  absorbances  of  spect¬ 
ra  E  and  F  be  De(a)  and  Df(A),  respectively.  For  spectrum  E  (the  pure  ab- 
sorpion  spectrum  of  the  T2  state),  the  ratio  of  the  absorbances  at  wave¬ 
lengths  of  A  and  Ab  is  given  by 


gcOj  eTUa)CTU2)  eTUj 

D  E  (^Lr  ^  ^  r(^6  )^*7'(^2) 
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Fig.  1.  Transient  absorption  spectra  of 
DBAQ  in  CC14  at  room  temperature 


where  j  and  C-j  denote  the  molar  extinction  coefficient  and  the  concentra¬ 
tion  of  the  T)  state,  respectively.  For  spectrum  F,  DF(  \a)  and  Dr(-b)  are 
given  by 


D  p  (Aa )  =  e;,(Au  )CP  )  +  er{^a)CT{tx),  (2) 

Dr(Ab )  =  e>(/l b)Cr(tl)  +  er(Ab  )CT(t ,),  (3 . 


where  p  and  Cp  denote  the  molar  extinction  coefficient  and  the  concentra¬ 
tion  of  the  P  state,  respectively.  Thus,  one  can  get  the  following  equation 

DFU  ) 

Dp  W<i )  ~  ~ (->) 

F'i-Wi, ) 


Since  a  -  )- f;  is  independent  of  time  t  ,  one  can 

evaluate  the  relative  time  variation  of  Cp  from  the  terms  of  the  left-hand 
side  of  eq.  (4).  By  this  method,  we  analyzed  the  time  variation  of  Band  A 
in  CC 1 4  and  the  result  is  given  in  Fig.  3,  where  absorbances  at  ■  .,=51 5  nm 
and  A h=489  nm  were  chosen.  The  smooth  curve  corresponds  to  the  theoretical 
best-fit  absorbances  calculated  by  a  well-known  convolution  method,  on  an 
assumption  of  the  following  scheme:  The  lowest  excited  singlet  (S,)  state 
k,  k2 

- ^P  state — —^Tjstate.  The  most  probable  buildup  (k-|')  and  decay  (k2') 

times  were  kj 1 =20  1 0  ps  and  k2l=100'20  ps,  respectively.  Similar  results 
were  also  observed  in  toluene  ( ky '=20 ' 1 0  ps  and  k“ 1 =1 00 ' 20  ps)  and  ethanol 
(kj‘=  30-10  ps  and  kT>=80-20  ps). 

The  P  state  is  not  due  to  the  S|  state,  because  the  time  variation  of  the 
absorbance  due  to  the  P  state  can  not  be  reproduced  by  the  convoluted  curve 
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Fig.  3.  Time  variance  of  the  rela¬ 
tive  concentration  of  the  P  state. 
The  smooth  curve  corresponds  to 
the  theoretical  best-fit  absor¬ 
bance 
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for  the  Si  state.  Based  on  the  discussion  for  DCAQ  in  ref.  (3),  we  conclude 
that  the  P  state  is  also  due  to  the  T2  state  of  an  mi*  character'.  Thus, 
the  values  of  ki  and  ki  reflect  the  rate  constants  for  the  intersystem  cross¬ 
ing  from  the  SjXnn*)  to  T2(nir*)  state  and  the  internal  conversion  from  the 
Tv(  nii*)  to  T|(tttt*)  states,  respectively.  The  value  of  kjl(20+10  ps)  for 
DBAQ  is  shorter  than  that  for  DCAQ  (30-35  ps).  This  may  be  due  to  the  intei~- 
nal  heavy-atom  effect  of  the  bromine  atom.  The  relatively  longer  lifetime 
of  the  T2  state  reflects  that  its  rnr*  character  may  be  different  from  a 
normal  nir*  one.  We  tentatively  propose  that  the  Tg^n*)  state  has  an  intra¬ 
molecular  charge-transfer  character  between  the  oxygen  and  halogen  atoms. 

This  is  based  on  the  following  conjecture:  By  the  interaction  of  the  carbon¬ 
yl  group  with  two  halogen  atoms,  the  geometrical  molecular  structure  may  be 
modified  greatly.  Since  the  electronegativity  of  the  oxygen  atom  is  larger 
than  that  of  the  halogen  atoms,  the  effective  electron  transfer  from  the 
halogen  to  oxygen  atoms  may  be  possible.  Since  the  electronegativity  of  the 
bromine  atom  is  smaller  that  that  of  the  chlorine  atom,  the  charge-transfer 
character  of  the  T2  state  of  DBAQ  may  be  larger  than  that  of  DCAQ.  This  may 
cause  the  smaller  energy  gap  between  the  T2  and  Tx  states  of  DBAQ  than  that 
of  DCAQ.  Thus,  the  smaller  value  of  kV  for  DBAQ  (100'20  ps)  than  that  for 
DCAQ  (700-750  ps)  is  reasonable. 
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1  Introduction 


Alpha-perylene  crystal  is  one  of  the  most  interesting  materials 
to  study  exciton-phonon  interaction  in  solids.  In  alpha- 
perylene  at  room  temperature  free-exciton  luminescence  and 
excimer  luminescence  are  simultaneously  observed. /I/  At  low 
temperatures  another  luminescence  which  is  referred  to  as  Y 
luminescence  appears  with  the  photon  energy  in  between  free- 
exciton  and  excimer  luminescence. /2, 3, 4, 5/  We  have  proposed  a 
model  that  Y  luminescence  is  a  kind  of  the  self-trapped  exciton 
luminescence. / 6 , 7/  Since  the  Y-lumines cence  band  is  located 
between  the  free-exciton  luminescence  and  excimer  luminescence 
bands  at  low  temperatures,  the  Y  state  which  is  the  initial  state 
of  Y-luminescence  is  supposedly  located  in  energy  between  the 
free-exciton  and  excimer  states. 

We  have  applied  picosecond  spectroscopy  to  study  exciton 
dynamics  in  alpha-perylene  crystals.  We  will  discuss  decaytimes 
of  free-exciton  luminescence  in  connection  with  the  presence  of 
the  Y  state,  and  then  the  barrier  height  between  the  free-exciton 
and  self-trapped  exciton  states. 

2  Results 


Logarithmic  luminescence  intensity  monitored  at  the  position  of 
the  free-exciton  luminescence  band  is  plotted  as  a  function  of 
time  in  Fig.1.  The  bottom  curve  in  the  figure  depicts  time 
evolution  of  the  300.4  nm  exciting  light.  The  decaytimes  which 
were  obtained  by  a  convolution  technique  applied  to  the 
luminescence  decay  curves  in  Fig.1  are  plotted  in  Fig. 2. 

3  Discussions 

3.1  Adiabatic  Potential  Curve  at  High  Temperatures  (297^182  K) 

It  has  been  known  that  at  high  temperatures  the  free-exciton 
state  is  a  metastable  state  and  the  excimer  state  is  a  stable 
state.  Those  excited  states  can  be  described  by  an  adiabatic 
potential  energy  curve  with  two  minima. 


*  present  address :Faculty  of  Engineering,  Hokkaido  University, 
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Fig.1  Free-exciton  luminescence 
decay  at  several  temperatures 
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Fig. 2  Decaytimes  of  the  fast 
and  intermediate  components 


In  Fig.1  the  luminescence  decay  curves  at  297,  235,  and  182  K 
are  composed  of  a  fast  decay  component  (M0  ps)  and  a  slow  decay 
component  (75^85  ns).  The  slow  decay  component  is  due  to  free 
excitons  which  are  in  thermal  equilibrium  with  excimers,  because 
the  decaytime  of  the  slow  component  is  equal  to  the  decaytime  of 
excimer  luminescence.  The  fast  decay  component  is  due  to 
radiative  annihilation  of  transient  free  excitons. 

The  decaytime  t  for  the  transient  component  is  generally 
expressed  by  an  exponential  function  1 / t  “  exp(-Eg/kT)  where 
Eg  is  the  self-trapping  barrier  height,  k  is  the  Boltzmann 
constant  and  T  is  the  te m pe r a tur e./ 8/  In  Fig. 2  the  decaytimes 
of  the  transient  free-exciton  luminescence  are  almost  constant 
(M0  ps)with  temperature  in  the  temperature  range  between  297 
and  182  K.  This  means  that  the  potential  barrier  height  Eg 
between  the  free-exciton  and  excimer  states  is  probably  lower 
than  the  thermal  energy  at  182  K  (126  cm-1 ) ./ 7 / 

3.2  Adiabatic  Potential  Curve  at  Low  Temperatures  (below  138  K) 

Due  to  the  presence  of  the  Y  state  the  excited  states  at  low 
temperatures  are  described  by  an  adiabatic  potential  energy 
curve  with  three  minima  which  correspond  to  the  free-exciton,  Y, 
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and  excimer  states  /7/.  In  Figs.1  and  2  an  intermediate  decay 
component  appears  in  the  free-exciton  luminescence  decay  below 
138  K.  The  intermediate  decaytime  was  equal  to  the  decaytime 
of  Y  luminescence.  Therefore,  it  is  concluded  that  the 
intermediate  decay  component  is  due  to  free  excitons  which  are  in 
thermal  equilibrium  with  excitons  in  the  Y  state. 

In  the  time-resolved  luminescence  spectra  at  87  K  (not  shown 
here),  two  characteristic  features  appeared.  (1)  Free-exciton 
luminescence  and  Y  luminescence  were  seen  immediately  after 
excitation,  and  soon  after  excimer  luminescence  was  seen.  (2) 

The  risetime  of  excimer  luminescence  was  equal  to  the  decaytime 
of  Y  luminescence.  These  facts  indicate  that  excitons  always 
pass  through  the  Y  state  to  relax  toward  the  excimer  state  and 
no  direct  relaxation  of  excitons  to  the  excimer  state  occurs. 
Those  two  facts  also  suggest  that  the  self-trapping  barrier 
between  the  free-exciton  and  excimer  states  is  high  enough  so 
that  at  87  K  excitons  cannot  surmount  over  the  barrier  existing 
between  the  free-exciton  and  excimer  states. 

The  information  on  the  se If -trapping  barrier  height  between 
the  free-exciton  and  Y  states  is  obtained  from  the  fast  decay 
component  in  Fig. 2.  The  decaytimes  of  the  fast  components  were 
constant  below  138  K  as  well  as  above  138  K.  This  temperature 
independence  of  the  decaytime  of  free-exciton  luminescence  means 
that  barrier  height  between  the  free-exciton  and  Y  states  is 
supposedly  as  low  as  the  thermal  energy  at  11  K  (8  cm-1). 

3.3  Stability  of  the  Y-state 

In  Fig. 2  the  intermediate  decay  component  appears  suddenly 
below  about  ^38  K.  This  sudden  uprise  of  the  intermediate 
component  suggests  that  a  pronounced  change  in  the  adiabatic 
potential  energy  curve  occurs  with  temperature.  From  the 
discussion  in  section  3  it  is  concluded  that  the  Y  state 
becomes  stable  below  138  K.  At  temperatures  above  182  K,  the 
intermediate  decay  component  which  is  found  to  be  related  to  Y 
luminescence  is  not  observed.  Therefore,  the  Y  state  seems  to 
be  located  in  energy  above  the  free-exciton  state,  or,  if  the  Y 
state  is  located  in  energy  below  the  free-exciton  state,  the  Y 
state  may  not  form  a  clear  minimum  on  the  adiabatic  potential 
energy  curve. 

L  References 

1  H.Nishimura, A.Matsui  and  M.Iemura:J.Phys.0oc.Jpn.51  .1  341(1982) 

2  J. Tanaka:  Bull.Chera.Soc.Jpn.  ^6,  1237  (1963) 

3  A.Inoue , K.Yoshihara,T.Kasuya  and  S.Nagakura:  Bull.Chem.Soc. 
Jpn  (1972)  720 

4  H.Auweter,  D.Ramer,  B.Kunze  and  H.C.Wolf:  Chem.Phys. Letters,  8_£ 
(1982)  325 

5  B. Walker,  H.Port  and  H.C.Wolf:  Chem.Phys.  £2  (1985)  1  77 

6  K.Mizuno  and  A.Matsui:  J.Lumin.  J3 8  323  (1987), 

7  K.Mizuno  and  A.Matsui:  J. Mol. Electronics  ^  (1988)  in  press 

8  A.S.Ioselevich  and  E.I.Rashba,  JETP  Letters:  £0  1151  (1984) 


494 


Time-Resolved  Exciton  Self-Trapping  in  Pyrene  Crystals 

H.  Port  and  R.  Seyfang 

3.  Physikalisches  Institut,  Universitat  Stuttgart, 

Pfaffenwaldring  57,  D-7000  Stuttgart  80,  Fed.  Rep.  of  Germany 


The  dynamics  of  exciton  self-trapping  in  organic  molecular  crystals 
is  not  well  investigated  up  as  yet.  It  is  of  interest,  however,  with 
respect  to  the  interaction  processes  between  electronic  and  phononic 
excitations  leading  to  localized  electronic  states  stabilized  by 
lattice  deformation.  Pyrene  represents  a  particular  system,  in  which 
local  self-trapping  predominates  due  to  the  dimeric  crystal 
structure  and  induces  excimer  formation. 

Temperature  dependent  measurements  of  transient  fluorescence 
spectra  and  fluorescence  rise  and  decay  times  were  performed  in  the 
high  temperature  phase  of  pyrene  (113K  -  300K) .  These  prove  the 
two-step  excimer  formation  process  via  the  precursor  B-state 
discovered  in  our  previous  investigations  [1]. 

In  the  present  experiments  ps-techniques  have  been  applied  using 
both  time  correlated  Single  Photon  Counting  and  Streak  camera 
detection  (time  resolution  <15ps) .  In  the  SPC-experiment  the 
synchronously  pumped  dye  laser  allows  to  vary  the  excitation 
wavelength  in  the  crystal  absorption  region  providing  the  system 
with  variable  excess  energy. 

The  time  resolved  spectra  reveal  the  blue  fluorescence  component 
B  at  the  high  energy  side  of  the  excimer  emission  which  is  not  to  be 
seen  in  steady  state  experiments  (Fig. la). 

The  B-fluorescence  extends  from  the  absorption  origin  at  376nm  to 
about  450nm  with  its  maximum  at  about  400nm.  Its  overall  shape  does 
not  change  with  increasing  temperature,  whereas  its  intensity 
diminishes  very  fast. 

From  the  Arrhenius  plot  of  the  B-fluorescence  quantum  flux 
(Fig. lb)  a  thermal  activation  energy  of  E(Q)  =  (340  +  30)cm  1  is 
deduced . 

In  Fig. 2a  examples  are  given  for  the  fluorescence  transients  of 
B-  and  excimer  fluorescence  at  115K  measured  at  the  respective 
intensity  maxima  395nm  and  460nm.  Figure  2b  shows  a  quantitative 
analysis  of  B-decay  and  excimer  rise  times  as  a  function  of 
temperature.  The  two  time  constants  correspond  to  each  other  and 
shorten  from  145ps  at  115K  to  20ps  at  210K. 

This  result  proves  the  precursor  role  of  the  B-state  in  the 
self-trapping  process  towards  the  excimer. 
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Fig. la  Time  resolved  fluorescence 
spectra  at  115K.  Curve  A  measured 
at  time  interval  0..500ps;  Curve 
B  obtained  from  A  subtracting  the 
excimer  fluorescence  contribution 
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Fig. 2a  Fluorescence  transients 
at  115K  detected  at  395nm  (B- 
state)  and  at  460nm  (excimer) 
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Fig. lb  Temperature  dependence  of 
the  B-fluorescence  integral 
quantum  flux  Q 

D 


T  [K] 


200  150  125  100 


0.006  0  008 


1/T  [1/K] 

Fig. 2b  Temperature  dependence  of 
B-decay  time  r  and  excimer  rise 
time  b 


The  activation  energy  deduced  from  the  time  constants  E(r)  =  (365 
±  30) cm  is  in  agreement  with  the  value  of  E(Q)  obtained  above. 

The  same  quantitative  results  are  obtained  for  different 
excitation  wavelength  X  between  328nm  and  the  absorption  origin  at 
376nm.  Apparently  the  excimer  dynamics  in  the  high  temperature  phase 
of  pyrene  is  independent  of  excess  energy. 

From  a  merely  kinetic  point  of  view  the  observed  features  fit 
into  the  scheme  previously  developed  for  the  two-step  excimer 
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Fig. 3  Short  wavelength  region  of 
the  time-resolved  pyrene  fluo¬ 
rescence  spectra  at  115K.  Curves 
A  and  C  measured  at  different 
time  intervals  0..500ps  and 
1 . 9 . . 6 . 3ns ,  respectively . 

Curve  B,  obtained  by  subtracting 
C  from  A,  represents  the  tran¬ 
sient  B-fluorescence 


formation  process  in  a-perylene  [2].  This  kinetic  scheme  based  on  a 
system  of  rate  equations  has  been  adopted  to  the  pyrene  case 
successfully. 

The  kinetic  model  used  does  not  specify  the  nature  of  the 
B-state.  A  more  detailed  analysis  of  the  spectral  characteristics  of 
the  B-fluorescence  provides  as  essential  features  the  clearly 
resolved  zero-phonon  line  which  coincides  with  the  absorption  line 
position  [3,4]  and  the  subsequent  more  intense  broad  fluorescence 
bands  revealing  slight  substructure  (Fig. 3). 

It  seems  obvious  to  explain  the  B-fluorescence  structure  as 
resulting  from  vibronic  progression  built-up  on  the  zero-phonon 
lines  and  the  concomitant  phonon  sidebands. 

Based  on  this  characterization  we  propose  a  modified  scheme  for 
self-trapping  within  the  excited  singlet  state  of  pyrene  in  its  high 
temperature  phase.  For  further  details  sec  [5], 
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Transition  states  of  chemical  reactions  are  the  central  configurations  for  the 
description  of  how  reagents  complete  their  trajectories  to  products.  Over  the 
past  three  decades  both  molecular  beam  scattering  and  photofragment  product 
state  distributions  have  been  the  main  source  of  information  for  reaction  dy¬ 
namics.  The  information  obtained  is  the  '  vr  7*.  ■  result  of  the  inter¬ 

action  of  fragments  on  the  potential  energy  surface,  PES.  As  pointed  out  by 
SMITH  [1],  this  approach  concentrates  on  the  "before"  and  "after"  of  chemical 
events  at  the  molecular  level.  The  making  of  new  bonds  (and  breaking  of  old 
ones)  in  elementary  chemical  reactions  occurs  in  a  very  short  time  (picoseconds- 
femtoseconds) ,  and  to  investigate  chemical  dynamics  actually  the  molecu¬ 

lar  processes  that  lead  to  chemistry  requires  new  techniques  with  ultrashort 
laser  pulses. 

Such  techniques  have  been  developed  in  molecular  beams  to  study  the  ultra¬ 
fast  chemistry  of  uni-  and  "oriented"  bimolecular  reactions  [2].  These  stud¬ 
ies  resulted  in  real-time  viewing  of  energy  redistribution,  measurements  of 
state-to-state  rates  and  tests  of  microscopic  statistical  theories  as  pre¬ 
scribed  by  the  PES.  More  recently,  the  technique  was  extended  to  the  femto¬ 
second  time  domain  [3-6]  to  view  the  transition  states  of  simple  elementary 
reactions.  The  time  scale  for  this  femtochemi stry  [7]  is  now  allowing  for 
the  observation  of  fragments  during  the  collision  or  half-collision  of  a  _3 
chemical  reaction.  Since  the  recoil  speed  of  fragments  is  typically  1  km  s’  , 
the  femtosecond  time  resolution  is  probing  dynamics  at  fragments  separation 
of  <  0.5  8. 

In  this  report  we  will  highlight  some  of  the  recent  studies  in  ultrafast 
spectroscopy  of  chemical  reactions  and  illustrate  the  applications  to  diff¬ 
erent  classes  of  reactions.  The  apparatus  for  these  femto-  and  picosecond 
experiments  in  molecular  beams  is  described  in  previous  publications  from 
this  group. 

1.  DIRECT  BOND  BREAKING 

Here,  we  consider  the  elementary  reaction: 

ICN*  ->  [I - CN]T*  -<■  I  +  CN  . 

For  this  reaction  we  first  used  [3]  subpicosecond  pulses  and  later  [4] 
much  shorter  pulses  to  probe  the  process  of  bond  breaking  (Fig. 1). ICN  was 
chosen  to  study  because  it  offers  several  advantages.  The  excitation  is  to 
a  repulsive  state  of  the  C-I  coordinate,  and  the  CN  product  can  be  detected 
using  laser-induced  fluorescence.  There  is  also  a  large  and  ever-growing 
literature  on  the  dynamics  of  the  dissociation  of  ICN,  including  product 
state  distributions,  measurements  of  the  anisotropy  of  product  recoil, 
fragment  alignment  effects,  etc. 
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Fig.  1:  Left:  The  fs  transients  observed  for  the  reaction  of  ICN,  detecting 
free  fragments  (top)  and  transition  states  (middle  and  bottom);  Right:  The 
PES  involved  [from  Ref.  4] 


From  the  delay  and  rise  of  the  CN  tIF  signal  we  have  measured  the  time  it 
takes  the  CN  and  I  fragments  to  separate  on  the  repulsive  surface  (Fig.  2). 
To  interpret  these  results,  dissociation  must  be  detined  more  precisely  be¬ 
cause  the  reaction  is  in  continuous  transition  states  from  reactant  to  pro¬ 
ducts.  The  question  is:  when  in  this  transition  does  one  consider  the  reac¬ 
tion  to  be  over?  The  answer,  for  the  experimental  observations  reported,is 
that  the  reaction  is  over  when  the  CN  is  spectroscopically  identifiable  as 
the  CN  radical,  not  as  a  CN  radical  perturbed  by  the  close  proximity 
of  an  I  atom.  Because  the  probe  can  be  tuned  to  the  free  or  perturbed  CN 
transitions  one  can  answer  such  questions,  and  measurements  of  transition 
state  temporal  behavior,  which  give  direct  information  on  the  PES,  can  be 
made.  The  same  technique  was  extended  to  studies  of  alkyl  iodides  where 
and  bond  breaking  was  observed  in  reactions  of  R-I  and 

I - R - I  type  systems  [8]. 

2.  EXTENSION  TO  B I  MOL  ECU  LAP.  REACTIONS 

The  same  techniques  have  been  extended  to  studies  of  a  special  class  of  bi- 
molecular  reactions  where  the  reagent  molecules  are  oriented  in  close  prox¬ 
imity.  The  reaction  studied,  in  collaboration  with  R.  3.  Bernstein,  is 

H  +  0C0  -  [H0C0]t  -►  OH  +  CO  . 

The  collision  complex  was  observed  (Fig.  3)  as  a  delay  of  the  OH  fragment 
for  a  few  picoseconds,  indicating  a  large  well  involvement  in  the  PES  [9]. 
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Intensity  (arbitrary) 


Time  Delay  (fs) 

Fig.  2:  The  delay  time  observed  (heavy  trace)  for  the  free  fragments 
observed  in  the  reaction  of  ICN.  The  light  trace  is  for  calibration 
zero  of  time  [from  Ref.  12] 

Pump  =  235  nm,  probe  OH  (  0,(1)  ) 


Time  (picoseconds) 

Fig.  3:  The  observation  of  OH  fragment  delay  time  in  the  reaction  H 
The  dotted  line  ic  for  calibration  of  the  zero  of  time  [from  Refs.  9, 
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3.  RESONANCES  IN  DISSOCIATION 


If,  in  the  process  of  falling  apart,  more  than  one  degree  of  freedom  is  in¬ 
volved  (vibrational  or  electronic),  the  system  might  exhibit  a  quasi-bound 
state  (or  resonance).  Manifestations  of  such  a  resonance  in  the  real-time 
probing  of  fragment  separation  should  be:  1)  a  delay  in  the  appearance  of 
free  fragments,  and  possibly  2)  the  aopearance  of  oscillations  (reflecting 
the  resonance  frequency)  of  the  wave  packet  of  the  dissociating  molecules. 

With  these  ideas  in  mind,  we  made  attempts  to  obtain  femtosecond  tran¬ 
sients  of  the  reactions  of  alkali  halides,  where  we  expected  such  temporal 
features  and  there  exists  a  wealth  of  cross-beam  experiments.  The  work  by 
BERRY  and  others  [10]  has  provided  the  foundation  for  the  descriptions  of 
the  surfaces.  Because  of  the  crossing  between  the  '  •  '•  ground  state  and 
the  ■  •:  excited  state  of  these  salts,  at  fragment  separation  R  ,  there 

are  two  channels  for  the  reaction  (Fig.  4).  En  route  to  products,  the 
[M---X]?*  transition  state  molecules  decide  between  these  covalent  and 
ionic  channels.  There  are  two  limiting  possibilities:  either  the  packet  is 
trapped  on  the  -/V  •  "•  surface  without  crossing  (resonance),  or  it  crosses 
on  the  surface,  as  was  the  case  for  ICN.  These  two  limits  give 

rise  to  entirely  different  temporal  behavior.  If  a  resonance  exists,  the 
observed  oscillation  will  provide  the  detailed  nature  of  the  surface  and 
coupling . 

Recently,  we  reported  [5,6]  on  these  observations  of  strong  wave  packet 
oscillations  (strong  resonance)  in  the  dissociation  reaction  of  Mai,  and  a 
much  weaker  resonance  in  the  reaction  of  NaBr.  These  observations  were 
made  by  exciting  the  salt  to  the  covalent  state(s)  along  the  M-X  coordin¬ 
ate  using  a  femtosecond  pump  pulse.  A  fs  probe  pulse  was  used  at  differ¬ 
ent  delay  times  and  wavelengths  (t  and  >  spectra)  to  detect  the  product 
free  (on  resonance  with  Na  D-lines  at  5S9  nm)  or  perturbed  Na  (off-reso- 
nance)  atoms.  These  results  (Fig.  5)  are  described  in  detail  elsewhere 
[5,6] . 


FS 

probe  (t,X) 


Nal’  l  Na-  If*  [Na . I)’- 


Na-f  1*  E* 

~r 


Tig.  4:  A  description  of  the 
femtosecond  experiments  for 
the  detection  of  resonances  in 
reactions  of  alkali  halides 
[from  Refs.  5,6] 
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4.  CONCLUSION 


In  conclusion,  femtosecond  spectroscopy  of  reactions  promises  to  provide 
real-time  viewing  of  the  PES,  of  packet  decay  and  resonances,  and  of  transi¬ 
tion  states.  Since  the  recoil  velocity  is  typically  1  km  s'1,  our  fs  time 
window  gives  a  view  of  these  dynamics  with  <  0.5  A  resolution  for  fragment 
separation.  With  the  state-of-the-art  in  fs  pulse  width  [11],  this  distance 
can  be  made  <  0.1  A,  and  many  reactions,  including  R-I  systems  (Fig.  6), 
can  be  studied. 
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Recent  experimental  and  theoretical  results  have  made  it  clear  that  phase 
coherent  excitation  is  a  very  general  feature  of  femtosecond  spectroscopy. 

When  a  sufficiently  short  light  pulse  strikes  any  Raman-active  or  absorbing 
medium,  i.e.  nearly  any  molecular  medium,  coherent  excitation  is  likely  to 
occur.  This  is  useful  because,  following  its  initiation,  phase-coherent  mol¬ 
ecular  motion  can  be  monitored  in  real  time  by  subsequent  pulses  to  yield 
information  about  molecular  dynamics  and  potential  energy  surfaces.  In  addi¬ 
tion,  some  control  may  be  exerted  over  molecular  motion  and  even  chemical 
change. 

1.  Femtosecond  Phase-Coherent  Excitation 

Figure  1  illustrates  the  two  main  mechanisms  through  which  phase  coherent  mole¬ 
cular  motion  is  initated  by  a  femtosecond  pulse.  Through  impulsive  stimulated 
Raman  scattering,  (ISRS),  the  electric  field  of  a  pulse  exerts  a  sudden  ("im¬ 
pulse")  force  on  Raman-active  modes. [1]  Stimulated  Raman  scattering  occurs 
through  mixing  among  the  frequency  components  of  the  ultrashort  pulse.  The 
impulse  force  initiates  coherent  vibrational  oscillations  which  in  general  af¬ 
fect  both  the  real  and  imaginary  parts  of  the  refractive  index  of  the  sample. 
Coherent  oscillations  can  be  observed  by  measurement  of  time-dependent  absorp¬ 
tion,  birefringence,  diffraction  from  transient  gratings,  etc.  Time-resolved 
observations  of  coherent  acoustic  and  optic  phonons  and  molecular  vibrations 
have  been  presented  and  reviewed. [1,2] 

Figure  lb  illustrates  the  results  of  absorption  into  an  electronic  excited 
state,  e.g.  Sj .  In  general,  the  Sg  and  potential  energy  minima  are  dis¬ 
placed,  e.g.  an  excited  molecule  may  be  "stretched"  along  vibrational  coor¬ 
dinate  Q.  Following  photoexcitation,  an  excited  molecule  undergoes  vibrational 
oscillations  about  the  minimum.  If  the  excitation  pulse  is  short  in  dura¬ 
tion  compared  to  the  Si  oscillation  (i.e.  the  spectral  width  of  the  pulse 
exceeds  the  Si  vibrational  frequency),  all  the  excited  molecules  oscillate  in 
phase.  Time-resolved  observations  of  excited-state  molecular  vibrational  os¬ 
cillations  [3],  including  oscillations  in  gas-phase  Nal  and  NaBr  which  undergo 
photodissociation  [4],  have  been  reported. 

Note  that  optical  absorption  of  an  ultrashort  pulse  also  results  in  vibra¬ 
tional  phase-coherence  in  the  ground  electronic  state. [5]  This  has  been  ex¬ 
plained  [6]  in  terms  of  the  "hole"  which  remains  on  one  side  of  the  Sg  po- 
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Figure  1  Schematic  illustration  of  coherent  wavepacket  production  with 
femtosecond  pulses. 

(a)  Through  impulsive  stimulated  Raman  scattering,  an  ultrashort  pulse  exerts 
a  sudden  (impulse)  driving  force  which  initiates  coherent  vibrational  motion 
in  the  ground  electronic  state. 

(b)  Optical  absorption  of  an  ultrashort  pulse  leads  to  coherent  vibrational 
motion  in  the  Si  excited-state  potential  surface.  Excitation  into  S2  or  S3 
leads  to  synchronized  extension  along  coordinate  Q  with  no  return  to  the 
original  geometry.  This  may  correspond  to  molecular  photodissociation  or 
photoisomerization. 

For  either  coherent  excitation  method  to  occur,  the  excitation  pulse  must  be 
short  in  duration  compared  to  the  vibrational  oscillation  period,  or  in 
general  compared  to  the  time  required  for  significant  wavepacket  propagation. 


tential  surface.  The  unexcited  molecules  are,  on  average,  "compressed",  i.e. 
on  the  left  side  of  the  Sq  potential.  They  continue  their  oscillatory  motions 
which,  although  initiated  thermally,  become  phase-coherent  due  to  the  selec¬ 
tive  removal  of  "stretched"  molecules.  Unlike  the  other  effects  discussed, 
this  phenomenon  depends  on  thermal  excitation  of  excited  vibrational  levels 
and  vanishes  at  low  temperatures. 

Of  course,  when  resonant  absorption  of  an  ultrashort  pulse  occurs  as  in 
Fig.  lb,  ISRS  excitation  of  oscillations  in  Sq  also  occurs  and  is  resonantly 
enhanced.  It  has  recently  been  shown  that  the  two  processes  can  be  described 
in  terms  of  the  same  nonlinear  optical  interaction. [6]  For  our  purposes, 
resonance  enhancement  of  ISRS  excitation  is  important  in  that  it  may  yield  a 
substantial  increase  in  the  Sq  vibrational  amplitude. 

2.  Liquid-Phase  Molecular  Dynamics  and  Reaction  Dynamics 

Spectroscopic  exploitation  of  femtosecond  phase-coherent  excitation  mechanisms 
has  produced  information  about  molecular  dynamics  in  solid,  liquid,  and  gas 
phases.  We  show  two  examples  of  data  from  molecular  liquids.  Figure  2  shows 
ISRS  data  from  carbon  disulphide  liquid  at  165K.[2,7]  The  impulsive  torques 
exerted  by  the  crossed  excitation  pulses  through  impulsive  stimulated  (rota¬ 
tional)  Raman  scattering  initiate  rotational  motion  which  leads  to  net  orien¬ 
tational  alignment  of  the  CS2  molecules.  This  net  alignment  gives  rise  to 
birefringence  and  to  signal.  It  is  clear  from  the  data  that  weakly  oscillatory 
molecular  librations  occur  in  the  liquid.  The  librational  frequency  yields  an 
approximate  value  for  the  configuration-averaged  torque  due  to  intermolecular 
interactions,  i.e.  the  average  restoring  force  (librational  "force  constant") 
felt  by  molecules  in  the  liquid.  In  addition,  the  rapid  dephasing  of  the  li- 
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time  (fs) 


Figure  2.  Impulsive 
stimulated  scattering  data 
(solid  curve)  from  CS? 
liquid  at  165  K.  The  data 
were  recorded  in  a 
transient  grating 
configuration.  The  crossed 
65-fs  excitation  pulses 
initiate  molecular 
rotational  motion  at  t=0. 
The  data  show  that 
orientational  alignment 
increases  after  t=0  and  is 
weakly  oscillatory.  The 
dashed-curve  fit  which  lies 
under  the  data  in  the  inset 
i s  based  on  a  model  of 
inhomogeneous  librational 
dephasing.  The 
broken-curve  fit  shows  the 
inadequacy  of  a  model  of 
homogeneous  dephasing. 


Mn2  (CO)  10  X  =  800  nm 


Time  (ps) 


Figure  3.  Transient  800-nm 
absorption  data  for 
Mno( CO) io  in  ethanol 
solution  following  310-nm 
excitation.  The  Mn( CO) 5 
photofragments  absorb  at 
800nm.  The  oscillations  in 
the  data  suggest  that  Mn-Mn 
stretching  vibrations  can 
occur,  i .e.  that  the 
excited  state  is  weakly 
bound.  This  is  interpreted 
in  terms  of  a  barrier  to 
dissociation  produced  by 
interactions  with  solvent 
molecules,  which  resist 
separation  of  the  Mn ( CO ) 5 
fragments . 


brational  oscillations  is  due  primarily  to  inhomogeneity  in  the  liquid  (i.e. 
in  the  intermolecul ar  torques),  the  extent  of  which  is  also  determined  approx¬ 
imately.  Thus  basic  information  about  liquid-state  molecular  dynamics  and 
intermolecular  interactions  is  extracted  from  the  data. [8] 

Figure  3  shows  transient  absorption  data  recorded  following  pulsed  308-nm 
excitation  of  a  solution  of  dimanganese  decacarbonyl ,  (COl^Mn-Mnt CO ) 5 ,  in  meth¬ 
anol  .[9]  The  probe  wavelength,  800  nm,  was  selected  to  monitor  formation  of 
Mn ( CO ) 5  fragments  following  photocleavage  of  the  metal-metal  (M-M)  bond.  The 
time-dependent  absorption  strength  is  oscillatory  for  t  <  1  ps.  Although 
further  experimentation  is  necessary  to  determine  unambiguously  the  source  of 
the  oscillations  in  the  data,  they  may  be  due  to  excited-state  M-M  stretching 
vibrations,  as  suggested  by  Fig.  lb.  This  is  interesting  because  the  excited 
state  of  MnglCOlio  is  believed  to  be  unstable  with  respect  to  dissociation,  as 
in  level  S3  of  Fig.  1.  Neighboring  solvent  molecules  may  resist  separation  of 
the  large  photofragments,  resulting  in  a  weakly  bound  excited  state  in 
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solution.  Thus  the  oscillations  in  Fig.  3  may  provide  a  measure  of  the 
intermolecular  forces  through  which  the  solvent  influences  chemical  reaction 
dynamics  and  yield. 

3.  Large- Ampl i tude  ISRS  Excitation  and  Optical  Manipulation  of  Wavepacket 
Propagation:  Controlled  Phase-Coherent  Chemistry 

In  the  ISRS  experiments  carried  out  to  date,  typical  coherent  vibrational 
amplitudes  have  been  in  the  10*5  .  20*4  A  range.  The  amplitude  is  linearly 
proportional  to  the  excitation  pulse  integrated  intensity  and  to  the  Raman- 
scattering  differential  polarizability.  Sufficient  laser  pulse  energy  is 
available  to  drive  amplitudes  well  over  0.1A.[10],  but  at  the  high  inten¬ 
sities  needed  competing  nonlinear  optical  processes  would  lead  to  white- 
light  continuum  generation  and  sample  damage  in  most  materials.  It  appears 
likely,  however,  that  large-amplitude  (i.e.  >  0.1A)  molecular  and  optic 
phonon  vibrational  amplitudes  can  be  driven  by  ISRS  excitation.  To  achieve 
large  amplitudes,  resonance  enhancement  (often  by  factors  of  over  100)  of  the 
differential  polarizabilities  can  be  exploited  with  appropriate  excitation 
wavelengths.  In  addition,  a  selected  vibrational  mode  can  be  driven  repeti¬ 
tively  with  a  sequence  of  evenly  spaced  excitation  pulses.  This  is  similar 
to  repetitively  pushing  a  child  on  a  swing  (rather  than  delivering  a  single, 
excessively  hard  blow)  to  reach  large  amplitudes.  The  desired  sequences 

of  many  excitation  pulses  can  be  produced  from  one  pulse  with  pulse-shaping 
techniques. [11] 

The  possibility  of  driving  chemical  or  structural  change  through  ISRS  excit- 
tion  in  the  0.1  -1A  range  has  been  discussed. [10]  A  different  approach  to  con¬ 
trolled  wavepacket  propagation  involving  absorption  and  stimulated  emission  of 
femtosecond  pulses  has  also  been  proposed. [12]  In  Fig.  4,  one  of  the  simpler 
possibilities  is  illustrated.  Figure  4a  shows  how  a  reactive  excited-state 
potential  surface  could  be  elucidated  through  ISRS  excitation  of  large- 


Figure  4.  Schematic  illustration  of  experiments  involving  large-amplitude  ISRS 
excitation 

In  (a),  ISRS  excitation  followed  by  measurement  of  time-dependent  absorption 
spectra  yields  a  "map"  of  the  reactive  excited-state  potential  as  a  function 
of  Q. 

In  (b),  ISRS  excitation  followed  by  absorption  produces  an  excited-state 
wavepacket  whose  Initial  position  and  momentum  in  S[  can  be  controlled 
experimentally.  In  this  manner  sufficient  momentum  can  be  imparted  such  that  a 
barrier  to  reaction  in  Sj  may  be  crossed.  By  varying  the  amplitude  of  ISRS 
excitation  and  the  timing  of  the  absorption  into  Sj ,  the  dynamics  on  the  Sj 
potential  surface  can  be  manipulated. 
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amplitude  vibrations  in  Sq  followed  by  measurement  of  absorption  spectra  of 
vibrationally  distorted  species.  Figure  4b  shows  how  large-amplitude  1SRS 
excitation  could  be  used  to  assist  progress  along  an  excited-state  reaction 
coordinate.  By  varying  the  ISRS  excitation  amplitude  and  the  relative  timing 
of  the  two  excitation  pulses,  the  initial  position  and  momentum  of  the  excited- 
state  wavepacket  could  be  varied  independently.  In  this  manner  the  extent  and 
effects  of  dissipation  in  the  excited  state  due  to  coupling  between  the  react¬ 
ive  mode  and  other  (both)  modes  could  be  examined  systematically.  Investigation 
of  the  effects  of  different  environments  (e.g.  different  solvents)  on  barrier 
crossing  dynamics  and  probabilities,  and  spectroscopic  characterization  of  spe¬ 
cies  at  and  near  potential  barriers  will  also  be  possible. 

Many  schemes  other  than  that  shown  in  Fig.  4b  for  coherent  vibrationally 
assisted  chemistry,  including  direct  driving  of  some  ground-state  reactions[10] 
may  be  possible.  Optical  manipulation  of  coherent  wavepacket  propagation  in 
reactive  (and  other)  potential  energy  surfaces  should  play  an  important  role  in 
femtosecond  molecular  spectroscopy,  especially  with  increased  access  to  tunable 
high-energy  pulses  and  pulse-shaping  techniques. 

This  work  was  supported  in  part  by  NSF  Grant  No.  DMR-8306701  and  by  NSF  and 
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The  photoinduced  electron  transfer  (ET)  and  behaviors  of  produced  transient 
ion  pair  (IP)  states  in  liquids,  rigid  matrices,  molecular  assemblies  and 
biological  systems  are  the  most  fundamental  and  important  central  problems 
in  photochemical  primary  processes  in  condensed  phase  The 
elucidation  of  factors  underlying  these  processes  is  of  crucial  importance 
for  the  photochemical  and  photobiological  reaction  mechanisms  [1-3]  and  is 
being  much  facilitated  by  the  application  of  the  picosecond-femtosecond 
laser  photolysis  method.  We  discuss  here  results  of  our  ultrafast  laser 
photolysis  and  time-resolved  transient  absorption  spectral  studies  on  the 
elementary  processes  of  intra-  and  intermolecular  transient  IP  formation 
due  to  the  photoinduced  charge  separation  (CS)  in  some  typical  systems. 

Experimental 

A  -mi crocomputer  controlled  ps  laser  photolysis  system  with  mode-locked 
NdJ  :YAG  laser  [4]  was  used  for  the  transient  absorption  spectral 
measurements  in  10  ps-ns  region.  For  the  measurements  of  time-resolved 
transient  absorption  spectra  in  the  shorter  time-region,  a  j^ubps  laser 
photolysis  system  was  used.  The  output  of  a  cw  mode-locked  Nd  : YAG  laser 
operated  at  82MHz  rate  was  compressed  by  a  fiber-grating  system  and  the  SHG 
of  the  compressed  pulse  synchronously  pumped  a  pyridin-1  dye  laser  (300  fs 
fwhm,  1  nJ),  the  output  of  which  was  amplified  to  0.4  mj/pulse  by  3^tage 
pyridine-1  dye  amplifier  pumped  by  a  frequency  doubled  Q-switched  Nd  : YAG 
laser  operating  at  10  Hz.  The  amplified  pulse  with  several  hundreds  fs 
width  was  frequency  doubled  and  used  for  exciting  the  sample.  The  rest  of 
the  710  nm  fundamental  pulse  was  focused  into  D^O  to  generate  a  white  light 
probe  pulse.  Two  sets  of  multichannel  photodiode  detectors  were  used  to 
observe  wide  band  transient  absorption  spectra. 

Results  and  Discussion 


(A)  Photoinduced  CS  and  CR  of  IP  state  in  combined  donor  acceptor  systems 

We  have  examined  the  intramolecular  photoinduced  CS  of  p^CH^KN- f -(CH-)  - 
( 1-pyrenyl )( Pn)  (n=l,2,3)  and  other  related  systems  in'3  ^acetonitri’fe 
solution.  For  example,  we  have  measured  the  rate  of  photoinduced  CS  of  P ^ , 
and  P^  in  acetonitrile  by  means  of  subps  and  ps  laser  photolysis  and 
time-resolved  transient  absorption  spectral  measurements.  The  rise  times 
of  the  intramolecular  IP  state  have  been  determined  to  be  ca.  1  ps,  8  ps 
and  20  ps  for  P^,  P_  and  P-,  respectively.  As  an  example,  the  spectra  of 
P-  and  rise  curves  of  IP  state  of  P,  and  P^  are  indicated  in  Fig.  1.  On 
trie  other  hand,  the  CR  decay  times  of  the  intramolecular  IP  state  have  been 
determined  to  be  ca.  10  ns,  3  ns  and  1  ns  for  P^ ,  and  P^,  respectively, 
which  are  much  longer  than  the  rise  times  of  the  CS  state  and  in  the 
reverse  order  with  respect  to  the  number  n  of  the  methylene  chain. 
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Fig.  1.  Time-resolved  transient  absorption  spectra  of  in 

acetonitrile  solution  at  22°C  measured  with  a  subps  laser  (355  nm, 
800  fs)  photolysis  apparatus  (a).  Rise  curves  of  the  absorbance  of 
pyrene  anion  band  peak  for  P^(b)  and  P^(c).  The  spectra  are  not  corrected 
for  the  chirping  of  the  monitoring  light  pulse. 


These  results  can  be  interpreted  on  the  basis  of  the  dependences  of  the 
ET  rate  upon  the  geometries  and  chain  lengths  as  well  as  the  relevant 

energy  gap  for  the  CS  (-AG£~)  and  for  the  CR  (-  AG°  ).  For  the 
chromophores  of  Pn,  the  -AG^j  values  in  acetonitrile  are  ca.lp0.5  eV.  Our 
theory  [5]  for  the  energy  gap  dependence  of  the  CS  rate  constant  k^<. 
assuming  A=10  ^  gives  kf<-=10^'vi0^  s  "*  around  5  eV,  where 

A=2"  j  <i  |  H.'  |f>|  /fi  <tv>  and  < i  i  I f:>  it  the  electronic  matrix  element 
responsible  for  ET.  Since  our  theoretical  calculations  show  a  dull  energy 
gap  dependence  of  k^<-  around  -AG£</M). 5  eV,  the  large  difference  of  k^ 

between  P^  and  P^,  P^  cannot  be  ascribed  to  the  small  differences  in  -  A  G° 
but  should  be  ascribed  to  the  difference  in  ~k.  The  -AG°  value  for 
these  chromophores  is  estimated  to  be  2.86  el/  in  acetonitri  le.’P  Results  of 
our  detailed  experimental  [3,6]  and  theoretical  [5]  studies  on  the  energy 
gap  dependences  of  the  CR  of  geminate  IP's  of  various  free  donor  and 
acceptor  systems  show  that  at  -AG”  n.2.86  eV,  the  CR  is  in  the  inverted 

1P  7  -1  -  12  -1 

region  and  the  rate  constant  k  is  ca.  10  s  assuming  A=10  s  (see 

-  n  -13  -1 

8)).  In, the  gase  of  P-j,  A  seems  to  be  larger  and  by  taking  A=1 0  s  we 
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immediately  after  ET  which  causes  increase  of  A  and  the  decrease  of  -  £G°  , 
leading  to  the  faster  CR  with  "i-pM  ns.  In  P~,  the  freedom  for  suBh 
configuration  change  is  smaller  than  in  P^,  which  results  in  a  little 
larger  value. 

B)  CR  of  geminate  IP  produced  at  encounter  between  fluorescer  and  quencher 

The  CR  dynamics  of  geminate  IP  and  dependence  of  its  rate  constant  k  upon 
-AG°  are  of  crucial  importance  from  various  viewpoints  such  as  mechanisms 
of  Organic  photochemistry  and  bio’ogical  photosynthesis.  Contrary  to  the 
fact  that  only  the  result  for  the  normal  region  but  no  result  for  the 
inverted  region  has  been  available  for  the  CS  in  the  fluorescence  quenching 
reaction  in  polar  solutions  [2,3,7],  only  the  result  for  the  inverted 
region  but  no  result  for  the  normal  region  was  available  for  the  CR  of  IP 
produced  by  the  fluorescence  quenching  reaction.  By  means  of  quantitative 
picosecond  time-resolved  absorption  spectral  measurements  on  the  geminate 
IP's  of  various  aromatic  hydrocarbon-electron  donating  or  accepting 
quencher  systems,  we  have  obtained  experimental  results  of  k  not  only  for 
the  inverted  region  but  also  for  the  normal  region  and  have  proved  the 
bell-shaped  energy  gap  dependence  of  k  of  the  geminate  IP  produced  bv 
fluorescence  quenching  reaction  for  the  ?irst  time  [2,3,6].  The  result  in 
F’g.  2  is  quite  different  from  the  dependence  of  the  CS  rate  constant  on 
-  Ag~  [7],  which  cannot  be  interpreted  satisfactorily  by  conventional 
theory  but  we  need  new  theoretical  interpretation  [3,5,6]. 


(C)  Relaxation  processes  of  excited  CT  complexes 

The  electronic  interaction  between  donor  and  acceptor  in  CT  complexes  will 
be  considerably  stronger  than  in  the  inter-  and  intramolecular  exciplex 
type  of  systems  with  no  direct  interchromophore  interactions  in  the  ground 
state.  The  comparison  of  the  relaxation  processes  of  excited  CT  complexes 
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Fig.  2.  The  dependence  of  k  of  geminate  IP  produced  by  fluorescence 
quenching  reaction  on  -AG°  in  acetonitrile  solution  (see  ref.  6). 
o:  observed  values  for  various  aromatic  hydrocarbon  f luorescer-n l tri le. 
acid  anhydride  and  amine  quenchers.  ^  1 

— :  calculated  by  the  method  of  ref.  5d  with  A=10  s 
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from  FC  to  the  relaxed  IP  state  with  the  photoinduced  CS  processes  of  those 
exciplex  type  of  systems  in  (A)  and  (B),  and  also  the  comparison  between 
the  CR  dynamics  of  their  IP's  will  be  an  interesting  problem  with  respect 
to  the  elucidation  of  photochemical  electron  transfer  mechanisms. 

The  CT  interaction  in  the  1 , 2, 4, 5-tetracyanobenzene  (TCNB)-tol uene 
complex  is  weak  in  the  ground  state,  while  it  becomes  stronger  in  the 
excited  state  causing  relaxations  to  equilibrium  IP  state,  being 
accompanied  by  conformational  change  and  solvent  reori entati on.  Figure  3 
shows  time-resolved  transient  absorption  spectra  of  TCNB-toluene  system 
measured  with  subps  laser  photolysis  system  exciting  at  355  nm.  The  rapid 
rise  of  broad  band  nearly  equal  to  the  time  response  of  apparatus  was 
observed  immediately  after  excitation.  This  broad  absorption  spectra  is 
different  from  the  sharp  TCNB  like  absorption  band  observed  at  long  delay 
times. 

With  increase  of  the  delay  time,  the  sharp  TCNB-  band  at  465  nm  grows 
with  the  rise  time  of  33  ps^  The  time  dependent  spectral  change  from  the 
broad  band  to  the  sharp  TCNB  band  seems  to  indicate  the  relaxation  from  a 
partial  CT  state  to  an  almost  complete  IP  state  accompanied  with 
rearrangements  in  the  donor  acceptor  geometry  and  environment  [8].  We  have 
also  made  detailed  transient  absorption  spectral  studies  of  this  system  in 
10  ps-ns  regions.  The  intensity  of  the  sharp  band  at  465  nm  increases  with 
increase  of  the  delay  time  in  10  ps  time  region.  In  addition,  a  broad 
absorption  in  wavelength  region  longer  than  650  nm  was  observed.  This 
broad  absorption  also  shows  rise  in  jO  ps  region  and  is  very  similar  to  the 
absorption  of  toluene  dimer  cation  D^.  The  rise  curves  of  both  absorption 
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Fig.  3.  Time-resolved  transient  absorption  spectra  of  TCNB-toluene 
system  excited  with  a  355  nm,  800  fs  laser  pulse  (a)  and  time 
profiles  of  transient  absorbance  at  465  nm  (D,c).  The  spectra  are 
not  corrected  for  the  chirping  of  the  monitoring  light  pulse. 
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coincide  with  each  other  with  the  same  rise  time  as  obtained  by  subps 
photolysis  in  Fig.  3.  Therefore,  we  can  conclude  that  it  takes  ca.  30  ps 
to  produce  the  equilibrium  excited  state  (A  D^)  from  the  excited  FC  state 
in  this  system. 

We  have  made  preliminary  time-resolved  transient  absorption  spectral 
measurements  on  this  complex  in  acetonitrile  solution.  The  results 
indicate  that  it  takes  10'c20  ps  for  the  rise  of  the  sharp  TCNB  absorption 
band  even  in  acetonitrile  solution.  Tho  -AG°  value  of  TCNB-toluene  IP  in 
acetonitrile  is  a  little  smaller  than  that  o^pPy-DMA  in  acetonitrile  [5d,9] 
and  the  energy  difference  between  the  FC  state  or  partial  CT  state 
immediately  after  excitation  and  the  relaxed  IP  state  may  be  almost  the 
same  or  larger  than  the  -AGqc  value  of  the  Py-DMA  system.  Nevertheless, 
the  photoinduced  IP  formation  of  in  acetonitrile,  where  the 
1 nterchromophore  interaction  in  the  ground  state  is  negligible,  is  much 
faster  than  that  of  TCNB-tol uene,  as  discussed  in  (A).  The  complete  CS  to 
form  the  relaxed  IP  in  toluene  solution  is  assisted  by  the  dimer  cation 
formation,  while,  even  in  acetonitrile  solution,  the  solvation  does  not 
make  the  IP  formation  so  fast  as  in  P-p  The  latter  fact  might  be  ascribed 
to  the  much  larger  rearrangement  of  donor  acceptor  geometries  and 
environments  orientations  necessary  to  realize  complete  CS  in  the  more 
strongly  interacting  pairs.  In  the  case  of  stronger  donor  and  acceptor 
pairs  such  as  TCNB-naphthalene,  pyrene-pyromel 1 i tic  dianhydride  [9]  etc., 
the  IP  state  formation  becomes  very  rapid. 

Another  important  problem  related  to  the  excitation  of  the  CT  complex  is 
the  fact  that  the  CR  rate  of  the  IP  formed  by  excitation  of  the  CT  complex 
is  different  from  that  of  the  IP  formed  CS_  at  encounter  between 
fluorescer  and  quencher.  The  lifetime  of  Py  — TCN E  IP  which  is  formed  by 
encounter  is  ca.  200  ps  in  acetonitrile  while  the  IP  of  the  same  pair 
formed  by  excitation  of  the  CT  complex  undergoes  ultrafast  decay  within  1 
ps.  Results  of  our  studies  on  various  systems  show  that  the  energy  gap 
dependence  of  the  CR  decay  of  IP  formed  by  excitation  of  the  CT  complex  is 
not  bell-shaped  but  the  CR  rate  increases  with  decrease  of  -dG°  ,  which 
might  mean  that  the  CR  decay  in  this  case  can  be  regarded  as  a  nonhadiative 
transition  in  the  supermolecule  of  donor  and  acceptor. 


3 

(D)  On  the  mechanism  of  hydrogen  transfer  and  iP  formation  in  BP-amine 
systems 

We  have  made  accurate  and  quantitative  laser  photolysis  studies  over  ps-ns 
regions  by  means  o]j  time-resolved  wide  band  transient  absorption  spectral 
measurements  on  BP-amine  ( DF-i )  systems  in  various  solvents.  For 
example,  JBP-Diphenylamine  in  nonpolar  solvent  shows  triplet  exciplex 
formation  in  competition  with  FI  transfer  but  no  ketyl  radical  formation 
from  the  exciplex,  while  the  same  system  in  acetonitrile  shows  IP  formation 
in  competition  with  FI  transfer  but  no  ketyl  radical  formation  from  the 
relaxed  IP.  We  have  obtained  similar  results  in  many  other  benzophenorie 
amine  systems  [10].  These  results  show  the  possible  parti ci pa t  ion  of  the 
non-relaxed  CT  state  as  the  transition  state  of  the  H  transfer  where  the 
relaxed  IP  or  exciplex  formation  is  competing  with  K  transfer. 


BP  +  DH 
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1.  INTRODUCTION 

Geminate  recombination  plays  an  important  role  in  proton  dissociation 
reactions  [1],  We  have  recently  shown  [2]  that  excited-state  acids  disso¬ 
ciate  via  a  number  of  reversible  dissociation-geminate  recombination 
cycles.  The  dissociation  profiles  of  such  excited  acids  are  nonexponen¬ 
tial,  having  a  t'  '  dependence  at  long  times.  These  nonexponential  tails 
are  affected  by  temperature  and  isotopic  (H/D)  substitution  [3], 

As  a  model  molecule  we  have  used  [4J  8-hydroxy  pyrene  1 , 3 , 6 - 1 r isulf o - 
nate  (HPTS) .  Having  a  4-fold  negative  charge  after  dissociation,  this 
molecule  recombines  readily  in  the  excited  singlet  state  with  its 
geminate  proton.  The  intrinsic  "chemical"  dissociation  rate,  as  determined 
from  the  slope  of  the  decay  curve,  is  initially  1010s"1  in  water.  After 
lnsec  it  is  slowed  down  due  to  geminate  recombination  by  an  order  of 
magnitude.  As  a  result,  the  observed  steady-state  dissociation  rate,  namelv 
the  reciprocal  area  under  the  dissociation  profile,  is  much  slower  than  the 
true  "intrinsic"  chemical  rate. 

The  reversibility  of  the  excited  state  proton  dissociation  can  be 
further  demonstrated  by  carrying  out  the  experiment  in  strong  acidic  media 
[4]  or  in  volume  limited  environments  [6].  In  both  cases  a  steady-state 
amplitude  of  the  undissociated  HPTS  is  created. 

The  dissociation  profiles  can  be  accurately  reproduced  by  assuming 
that  the  dynamics  of  the  separated  ion-pair  obeys  the  Debye  - Smoluchowski 
equation  (DSE)  with  reversible  "back- reaction"  boundary  conditions.  The 
two  "intrinsic"  rate-coefficients  (<d,  <r)for  dissociation  to  and  recombi¬ 
nation  from  the  contact  distance,  a,  are  taken  as  free  parameters.  For  the 
actual  numerical  solution  we  have  applied  an  efficient  Chebyshev  propaga¬ 
tion  algorithm  which  allows  for  large  time-steps.  Agreement  with  experiment 
deteriorates  for  supercooled  water.  We  think  that  rotational  diffusion  of 
the  anion,  which  becomes  comparable  to  x r  at  low  temperatures,  leads  to  a 
"dynamic  steric  effect".  At  the  higher  temperatures,  our  treatment  (5)  is 
superior  over  the  conventional  two-state  rate-equation  models,  such  as  the 
classical  Eigen  scheme  [7],  whose  asymptotic  temporal  decay  is  exponential 
rather  than  a  power-law. 

Our  model  correctly  predicts  [6]  the  total  (exc i ted+ground - states ) 
dissociation  yields  of  HPTS  [1]  with  no  additional  free  parameters. 

From  the  rate -parameters  of  the  transient  measurements  we  estimate  [4]  the 
steady-state  dissociation  rate  and  pK  value,  with  encouraging  agreement  to 
older  fluorimetric  (constant  illumination)  measurements  [8], 

In  the  present  work  we  utilize  the  excited  HPTS  molecule  as  a  micros¬ 
copic  probe  for  the  study  of  electrolyte  solutions  in  the  time-domain,  with 
a  resolution  of  ca.  lOOpsec.  This  timescale  is  short  compared  to  the  diffu- 
sional  times  but  longer  than  the  characteristic  relaxation  of  the  solvent 
(water).  Therefore  the  DSE  is  valid  over  the  entire  experimental  time-range 
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2.  EXPERIMENTAL  AND  METHOD 

Solutions  of  5x10 "^M  HPTS  in  2:l(v)  water-methanol  mixtures  at  60°C  were 
irradiated  by  the  3rd  harmonic,  25  psec  pulse,  of  a  mode-locked  Nd:Yag 
laser.  The  psec  time  resolved  fluorescence  of  the  acidic  HPTS  form  was 
detected  by  a  streak  camera. 

The  composition  of  the  solution  was  chosen  to  maximize  the  geminate 
recombination  yield.  The  pH  of  the  solutions  was  between  5.5  and  6.0 
assuring  that  homogeneous  recombination  was  insignificant  in  the  experimen¬ 
tal  time-range.  The  temperature  of  the  solution  was  raised  to  60°C  to 
eliminate  the  abovementioned  "dynamic  steric  effect".  Under  present  condi¬ 
tions  the  average  number  of  geminate  proton  rebindings  to  the  HPTS  anion, 
before  ultimate  escape  to  the  bulk,  is  calculated  to  be  2.7,  twice  as  much 
as  in  pure  water  [4],  Hence  geminate  recombination  is  the  main  process 
which  determines  the  apparent  HPTS  dissociation  rate  in  this  environment. 

3.  RESULTS  AND  DISCUSSION 


Fig.  1  shows  the  effect  of  an  added  electrolyte  (NaNOj)  on  the 
transient  dissociation  profile  of  HPTS.  The  averaged  streak  camera 
records  clearly  show  a  suppression  of  the  long-time  fluorescence  tail  by 
the  added  salt.  This  is  explained  by  a  nonequilibrium  screening  effect 
which  reduces  the  Coulombic  attraction  in  the  ion  pair. 

The  relaxation  time  of  the  ionic -atmosphere  around  a  central  ion 
suddenly  formed  in  solution  is  [9]  2/Dkz  where  D  is  the  relative  diffusion 
coefficient  between  the  ions  and  1/k  is  the  ionic  atmosphere  radius.  In 
water  at  room  temperature  a  solution  of  150mM  univalent  electrolyte  will 
have  a  relaxation  time  of  350psec.  This  is  roughly  an  order  of  magnitude 
slower  than  the  time  needed  for  the  proton  to  reach  the  nearest  neighbor 
ion.  The  much  faster  proton  can  thus  be  pictured  as  moving  through  a 
largely  unrelaxed  ionic  atmosphere  which  still  has  much  of  its  predissocia- 
ci on  characteristics.  Only  when  the  proton  covers  the  nearest  neighbor 
distance,  Rav,  would  it  be  influenced  by  the  screening  of  Che  other  ions 
[10],  This  model  was  found  by  us  to  be  very  simple  to  use  and  yet  superior 
to  the  conventional  Debye-Huckel  approach,  which  fails  in  our  case  both 
because  of  the  relatively  high  electrolyte  concentrations  (0.01-0.6M)  and 
the  nonrelaxed  nature  of  the  ionic  atmosphere. 
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Fig.  2.  A  numerical  analysis  of 
the  150mM  NaNO-^  decay  curve 
displayed  in  Fig.l.  The  analysis 
method  is  described  in  the  text. 
Apart  from  Rav,  all  other  parame¬ 
ters  are  those  of  HPTS  in  pure  water. 
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Fig. 2  shows  the  analysis  of  the  HPTS  fluorescence  decay  in  the  presen¬ 
ce  of  150mM  NaNOj .  The  numerical  calculation  was  carried  out  assuming  that 
no  screening  of  the  Coulombic  potential  exists  until  the  proton  has  reached 
the  nearest  neighbor  distance  Rav  -  3000/4it  cNA  where  is  Avogadro's 
number  and  c  is  the  concentration  of  the  oppositely  charged  ion  in  moles- 
per-liter.  At  larger  distances  the  Coulombic  potential  is  assumed  to  be 
totally  screened.  Although  a  good  fit  could  be  achieved  without  any 
adjustable  parameters,  we  allowed  ourselves  some  freedom  in  order  to 
achieve  the  best  fit.  In  Fig. 2  Rav  is  taken  as  16&  compared  to  a  calcu¬ 
lated  value  of  148. 

In  conclusion,  geminate  recombination  of  protons  in  excited- state  acid 
dissociation  gives  access  to  the  dynamical  properties  of  electrolyte 
solutions.  Further  work  is  in  progress  aiming  to  bring  new  experimental 
and  theoretical  insights  into  this  much  investigated  yet  largely  unresolved 
research  field. 
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1.  INTRODUCTION 

A  photoisomcrization  reaction  can  be  classified  according  to 
the  shape  of  the  potential  surface  characterizing  the 
reaction.  Two  main  cases  can  be  distinguished.  One  case 
refers  to  the  situation  where  initial  and  final  states  of  the 
reaction  are  separated  by  a  high  potential  barrier.  A 
second  type  of  reaction  is  characterized  by  a  smooth 
potential  surface  without  a  barrier  between  the  reactant  and 
the  product  conformations.  The  most  recent  theory  related  to 
this  latter  situation  is  the  Bagchi,  Fleming,  Oxtoby  ( BF0 ) 
theory  (1)  and  extensions  thereof  (2). 

TPM  molecules  have  traditionally  been  considered  to 
represent  the  barrierless  case.  In  this  work  we  have  used 
picosecond  and  sub-picosecond  pulses  to  study  the 
isomerization  dynamics  of  two  other  barricrlcss  molecule^, 
belonging  to  the  cyanine  dye  family  ,  pinacyanol  and  1,1  - 
diethyl-4,4  -cyanine.  The  dynamics  has  been  studied  as  a 
function  of  viscosity,  temperature  and  excitation  and 
analyzing  wavelength. 


2.  RESULTS  AND  DISCUSSION 

Figure  1  below  summarizes  the  viscosity  dependence  observed 
in  the  n-alcohol  scries  methanol-hexanol  at  constant 
temperature.  The  isomerization  time  constant  is  seen  to 
increase  linearly  with  viscosity  within  this  viscosity 
interval.  A  linear  viscosity  dependence  of  the  reaction  rate 
is  predicted  by  the  BFO  theory  for  a  pinhole  sink  at  the 
minimum  of  the  excited-state  potential.  According  to  the  BFO 
theory  this  sink  function  should  also  produce  a  non¬ 
exponential  decay,  the  shape  of  which  is  excitation 
wavelength  dependent.  However,  no  deviations  from  single 
exponential  decay  were  observed  at  the  wavelengths  and 
viscosities  studied  here.  As  is  discussed  below  we  observe  a 
wavelength  dependence  of  the  reaction  rate,  but  this 
dependence  is  related  to  the  variation  of  the  analyzing 
wavelength  and  not  to  the  excitation  light.  Consequently,  we 
believe  that  the  effects  giving  rise  to  non-exponential  decay 
and  excitation  wavelength  dependence  as  discussed  by  the  BFO 
theory  may  very  well  exist  in  the  molecules  studied  here,  but 
they  occur  on  a  timescale  unaccessible  with  the  presently 
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used  time  resolution.  The  fact  that  the  isomerization  time 
constant  has  a  linear  viscc  ity  dependence  down  to  the 
shortest  value  measured,  1.5  ps,  at  0.5  cP  also  suggests  that 
the  rate  of  internal  conversion  from  the  sink  is  very  high 
(probably  higher  than  1013s-1)  and  that  the  sink  is  narrow. 

Several  of  the  previously  studied  TPM  molecules  have  been 
shown  to  have  wavelength  dependent  relaxation  times.  This 
wavelength  dependence  was  shown  to  be  associated  with  the 
variation  of  the  probe  wavelength  in  a  pump  and  probe 
experiment  (3,4),  but  there  is  no  agreement  as  to  the  origin 
of  this  effect.  The  two  cyanine  molecules  studied  in  this 
work  also  exhibit  this  puzzling  wavelength  dependence  (5).  In 
a  previous  publication  (5)  we  tentatively  assigned  the  effect 
to  the  excitation  wavelength  dependence  of  the  reaction  rate 
predicted  by  the  BFO  theory.  However,  those  experiments  were 
performed  with  a  one-color  pump-and-probe  setup  in  which  the 
excitation  and  probe  wavelengths  vary  in  tandem.  In  the 
present  work  we  have  used  a  setup  allowing  independent  tuning 
of  excitation  and  probing  wavelengths.  The  wavelength,  , 
dependence  of  the  isomerization  time  constant  of  1,1  -4,4  -C 
as  measured  with  the  two  methods  is  displayed  in  Fig.  2.  It 
is  evident  that  the  wavelength  dependence  of  the 
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isomerization  rate  is  associated  to  the  variation  of  the 
analyzing  wavelength;  tuning  the  excitation  wavelength  over 
most  of  the  absorption  spectrum  has  no  effect  within 
experimental  error  on  the  reaction  rate. 

At  present  we  are  considering  the  following  possibilities 
to  explain  the  observed  wavelength  dependence!  A.  More  than 
one  ground  state  species  with  slightly  differing  relaxation 
rates  exist;  B.  An  effect  suggested  by  Ben-Amotz  and  Harris 
(4)  to  explain  the  wavelength  dependence  observed  in  TPM 
molecules;  C.  Ground  state  vibrational  relaxation  in  a  non¬ 
reactive  mode  coupled  to  the  reactive  mode;  D.  Solvent 
reorganization  around  the  excited  molecule.  Considering  all 
the  experimental  facts  the  possibilities  C  and  D  seem  to  be 
the  most  realistic  explanations  to  the  effect,  but  in  order 
to  distinguish  between  the  two,  more  detailed  experiments 
must  be  performed. 
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Isomerization  reactions  are  assumed  to  be  responsible  for  the  non-radiative  decays  observed  in 
many  dye  solutions  subject  to  laser  excitation.  In  many  of  the  systems  studied  isomerization 
has  been  taken  as  a  single  coordinate  minimum  energy  path.  Observed  kinetics  have  been  fitted 
to  theoretical  models  including  high  and  low  barriers, random  motion  of  the  solvent, the  viscosity 
of  the  solvent  and  recently  also  frequency  dependent  barrier  crossing  (1-3).  Early  developed 
Kramer’s  theory  seems  to  work  either  in  low-viscosity  or  in  high-viscosity  solutions  for  medium 
and  high  barrier  cases. 

We  have  studied  the  isomerization  reaction  of  a  cyanine  dye  diethyltetramethylindocarbocy- 
anine  iodide  (DiIC2)  dissolved  in  n-alcohols  from  m«**h?.nol  to  dodecanol.  Since  the  dye  is  known 
to  have  a  long-lived  photoisomer,  absorbing  at  about  570  nm,  the  fluorescence  spectra  were  recor¬ 
ded  at  several  excitations  (4).  No  emission,  which  could  be  assigned  to  the  photoisomer,  was 
detected. 

Single  photon  counting  and  multichannel  plate  photomultiplier  detection  was  used  to  mea¬ 
sure  fluorescence  lifetimes  at  several  temperatures  in  each  solvent.  Solutions  were  placed  in  a 
spinning  cell  and  signals  collected  at  right  angles  at  magic  angle  polarization  using  low  repetition 
rates  of  the  synchronously  pumped  picosecond  dye  laser.  Standing  cell  and  high  repetition  rate 
results  did  not  show  any  cumulative  effects  one  would  expect  to  see  from  a  long-lived  photo- 
somer.The  observed  kinetics  showed  nice  single  exponential  behaviour  throughout  solvents  and 
temperatures  studied,  a  strong  indication  of  one  emitting  species.  The  observed  lifetimes  varied 
from  less  than  100  ps  at  low  viscosities  to  about  2.6  ns,  which  was  used  as  the  radiative  lifetime 
of  DiIC2,  at  high  viscosities.  Some  decay  curves  in  butanol  solution  at  various  temperatures  are 
shown  in  Fig.  la. 

In  all  solvents  from  methanol  to  hexanol  the  observed  lifetimes  became  practically  fixed  at 
the  freezing  point  of  the  solution.  In  dodecanol,  decanol  and  octanol  solutions  a  sudden  jump  of 
the  observed  lifetimes  can  be  observed  at  freezing  temperatures  (Fig.  lb.).  This  can  be  taken 
as  evidence  of  hindering  of  the  isomerization  reaction  assumed  to  take  place  in  the  excited  state 
(4).  The  observation  can  be  correlated  to  the  phase  transitions  of  the  solvents  concerned.  With 
less  potential  to  self-associate  long-chain  alcohols  crystallize  more  promptly  than  glass  forming 
and  strongly  self-associating  shorter  alcohols. 

The  Arrhenius  plots  of  the  kinetic  results  are  shown  in  Fig.  2a  and  the  results  plotted 
at  constant  viscosities  are  shown  in  Fig.  2b.  The  plots  at  constant  viscosities  indicate  two 
important  results  1)  for  solutions  from  methanol  to  butanol  the  barrier  height  E0  seems  to 
depend  only  slightly  on  viscosity  and  an  average  barrier  height  of  8.0 kJmol~l  can  be  used  for 
methanol  through  hexanol  solutions  2)  for  solutions  from  hexanol  to  dodecanol  the  barrier  height 
decreases  from  about  \~kJmol~ 1  at  1  cP  to  about  11  kJmol~l  at  20  cP.  Iti  the  latter  case  E„  is 
obviously  strongly  viscosity  dependent  ,  a.  fact,  which  has  to  be  included  in  theoretical  models 
used  to  fit  the  data.  Qualitatively  similar  results  have  been  reported  for  the  same  dye  recently 
(4). 

We  have  tested  three  different  theoretical  models  on  photochemical  isomerization  of  I)iI02 
in  solution.  The  observed  kinetics  of  the  dye  in  n-alcohols  was  fitted  first  to  early  Kramers’ 
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Fig.  2.  a)  Arrhenius  plots  of  the  DiIC2  dye  in  n-alcohols 
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where  E„  is  the  lowest  barrier  height  in  the  viscosity  region  concerned  and  A  is  a  constant  deter¬ 
mined  from  a  least  square  fit.  As  seen  in  Fig.  3a  Kramers’  theory  only  slightly  underestimates 
the  observed  kinetics  at  high  viscosities.  Almost  equally  good  fit  is  obtained  using  a  viscosity 
independent  ’average’  barrier  height  of  8.0 kJmol~l .  The  kinetics  of  hexanol  through  dodecanol 
solutions  can  be  nicely  fitted  to  Kramers’  equation  provided  that  the  strong  viscosity  depen¬ 
dence  of  the  barrier  height  is  taken  into  account  using  equation  (1).  Kramers’  theory  predicts 
nicely  the  reduced  non-radiative  rates  of  DilC2  in  n-alcohols  from  C 6  to  C12  (Fig.  3b).  Using 
an  average  barrier  height  gives  poor  results  in  this  case. 

Grote  and  Hynes  have  brought  up  the  idea  of  frequency  dependent  barrier  crossing  rate  and 
derived  a  simple  equation  to  account  for  non-Kramers'  behaviour  of  isomerization  reactions  (2). 
Qualitatively,  slower  rates  due  to  ’viscous  drag’  are  obtained  as  compared  to  Kramers’  theory 
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Fig.  3.  a)  Kramers’  fit  to  the  kinetics  in  all  solvents  except  dodccanol  b)  Kramers'  fit  to 
the  kinetics  using  viscosity  dependent  barrier  heights  in  solvents  from  hcxanol  to 
dodccanol 


at  high  viscosities.  Application  of  this  theory  requires  information  about  frequency  dependent 
friction',  not  easily  available.  However,  in  the  high  viscosity  limit,  the  theory  predicts  r/_1 
dependence  of  the  reduced  rate  constants  (5).  In  the  present  case  i;-1  dependence  could  not 
be  confirmed,  though  the  viscosity  range,  form  1  cP  to  35  cP,  covered  in  this  study  should  be 
representative.  A  'modified  bmoluchowski  equation’  krat  =  D  *  7]~n  often  used  to  fit  isome¬ 
rization  kinetics  (5)  gives  good  fits  for  DitC‘2  dye  in  n-alcohols.  as  well.  Including  the  viscosity 
dependence  of  the  barrier  height  makes  the  exponent  o  approach  unity.  However,  this  empirical 
equation  has  not  been  given  a  reasonable  physical  meaning. 

Recently.  Robinson  et  al.  (G)  published  an  empirical  equation  to  describe  non-radiative 
kinetics  of  seven  dyes  in  n-atcanols.  In  the  present  case  the  latter  model,  which  we  call  the 
’extended  Kramers’  equation’  fails  to  reproduce  the  observed  kinetics.  The  ’extended  Kramers' 
equation’  is  not.  even  in  theory,  capable  of  predicting  strong  viscosity  dependencies  of  the  reduced 
rates  obtained  in  this  study. 
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Introduction 


On  the  occasion  of  the  first  of  these  meetings  ten  years  ago  [1],  when 
ultrafast  was  still  picosecond,  molecular  dynamics  of  liquids  was  clearly 
identified  as  an  important  target  of  ultrafast  spectroscopy  [2].  The  shortening  of 
pulse  duration  down  to  the  femtosecond  time  scale,  combined  with  the  escalation 
of  computer  simulation  studies,  was  in  fact  required  for  such  a  development. 

In  this  paper,  we  will  center  on  the  implication  of  the  femtosecond 
spectroscopy  in  the  monitoring  of  the  fast  elementary  steps  of  electron  solvation 
in  aqueous  media  (homogeneous  solutions  and  organized  assemblies)  at  ambient 
temperature  and  we  will  describe  the  theoretical  framework  in  which  our  results 
are  discussed. 

Experimental  set-up 

Our  experimental  set-up  has  been  already  described  in  detail  [3].  It 
includes  a  colliding  pulse  mode  locked  dye  laser  with  an  intraravity  four-prism 
arrangement  which  generates  60-S0  fs  duration  pulses  at  a  wavelength  of  620  nm 
and  a  four  stage  amplifier  pumped  by  the  second  harmonic  of  a  10  Hz  repetition 
rate  Q-switched  neodymum-Y  AG  laser.  The  amplified  beam  is  separated  into  two 
parts.  The  first  one  is  frequency  doubled  in  a  KDP  ,-iysta)  to  produce  5-10  pJ 
pulses  at  310  nm  while  the  other  one  is  focused  into  a  2  mm  water  cell  to 
produce  a  white  light  continuum.  This  white  beam  is  divided  into  two  parts  ;  one 
(the  probe)  overlaps  the  pump  in  the  sample  while  the  other  one  (the  reference) 
misses  the  sample.  Roth  beams  are  collected  into  a  monochromator  and  directed 
towards  two  photodiodes.  Due  to  the  large  spectral  region  under  investigation 
(typically  from  0.4  to  1.3  pm)  the  chirp  of  the  continuum  induces  an  important 
shift  of  the  zero  (temporal  overlap  between  the  pump  and  the  probe).  Therefore 
careful  experiments  are  simultaneously  conducted  at  each  wavelength  tc 
determine  the  zero  time  delay  and  the  time  response  function  of  the  apparatus 
[4].  Transient  spectra  are  then  reconstructed  taking  into  account  the  amplitude 
of  the  signal  and  can  then  be  represented  in  3-D  plots  (Fig.  I). 

Femtosecond  generation  of  excess  epithermic  electrons 

In  the  specific  case  of  aqueous  solutions  at  ambient  temperature, 
apart  from  the  discovery  of  a  short-lived  hydrated  electron  [5].  very  little  is 
known  about  the  mechanisms  governing  the  electron-water  molecule  interactions 
during  the  solvation  process.  I  Ip  to  now  the  great  majority  of  electron  solution 
studies  in  aqueous  solutions  have  been  realized  by  injecting  electrons  using  pulse 
radiolysis  methods,  providing  at  best  a  10  ps  accuracy  [6],  In  this  case,  the 
appearance  of  the  hydrated  electron  was  always  limited  by  the  instrumental 
resolution.  Flash  photolysis  permits  the  direct  generation  of  electrons  with  low 
excess  energy.  In  our  case  we  have  used  310  nm  pulses  to  generate  electrons 
through  the  ionization  of  ferroryanide  Fe(CN^)  ions  in  water  solution 
(0.45  pM)  or  to  induce  charge  separation  in  aromatic  hydrocarbon  molecules  with 
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a  low  ionization  threshold,  (such  as  phenothiazine),  embedded  in  the  hydrophobic 
core  of  micelles  [7].  Vie  found  also  that  direct  photoionization  ol  viator 
molecules  was  possible  with  310  nm  light  even  though  water  is  transparent  up  to 
190  nm.  This  excitation  is  likely  due  to  two-photon  absorption  but  in  this  r  ase 
the  global  yield  is  much  lower  than  in  the  previous  ones,  making  the  experiment 
quite  difficult.  However  there  are  several  advantages  to  photoionizing  the  neat 
solvent,  avoiding  for  instance  the  perturbation  of  the  microscopic  environment 
by  any  solute  molecule. 

After  the  initial  ionization  event,  the  subsequent  energy  exchanges 
result  in  the  formation  of  several  intermediates  states  including  quasi-tree  or 
dry  elections  (e"  .),  thermalized  electrons  (e~  ),  localized  electrons  (o’,  )  and 

finallv  solvated  electrons  (e  ,).  1  oc 

sol 
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Results  in  bulk  liquid  water  and  isotopes 


In  H^O  we  find  that  a  high  energy  tail  of  an  infrared  absorption  band 
extending  above  1250  nm  begins  to  appear  within  the  excitation  but  is  lulls 
developed  only  after  a  delay  of  0.4  ps.  This  infrared  band  then  disappears  in  a 
fraction  of  picosecond  while  a  structureless  absorption  band  rises.  This 
asymmetric  band  which  peaks  around  1.7  eV  (720  nm)  with  a  high  energv  tail 
extending  above  3  eV  is  clearly  assigned  to  the  hydrated  electron.  All  this 
behavior  can  be  easily  followed  on  the  3D  plot  which  has  been  reconstituted 
from  the  kinetics  at  each  wavelength. 

An  analysis  of  our  kinetics  data  (Figure  1)  shows  that  they  are  mostly 
consistent  with  a  model  which  assumes  the  existence  of  two  species  [S],  The  first 


Fig.  1.  Transient  absorption  spectra  of  excess  electrons  in  pure  liquid  water 
excited  at  310  nm.  Wavelength  is  in  nm  and  time  in  ps.  This  3D  plot  is 
reconstituted  from  the  experimental  kinetics  taken  at  different  wavelengths 
from  500  nm  up  to  1250  nm. 
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one,  absorbing  in  the  infrared,  does  not  appear  instantaneously  but  with  a 
characteristic  time  T.  (110  20  fs)  and  then  relaxes  with  a  constant  tune  T, 

(240  20  fs)  towards  the  solvated  state. 

These  dynamical  investigations  demonstrate  that  the  electron 
solvation  in  pure  liquid  water  proceeds  through,  at  least,  one  intermediate  state 
(presolvated  state  :  e  j  )  characterized  by  an  infrared  band  and  whose  lifetime 
is  in  the  femtosecond  regime.  These  studies  provide  a  unique  experimental  basis 
for  testing  recent  theoretical  approaches  to  excess  electron  coupling  uij  ^jquid 
water.  The  measured  initial  trapping  time  of  the  electrons  (1.1  x  1G„  s)  is 
longer  than  the  estimates  of  thermahzation  time  in  water  [(2.4  -  4)  x  10"  s]  [9], 
This  wouljdj  suggest  that  if  the  early  energy  loss  rate  of  the  electrons  in  water  is 
about  10  eV/s,  the  electrons  would  get  thermalized  before  being  localized  [9|. 
Important  theoretical  investigations  on  electron  localization  and  solvation  have 
been  performed  using  computer  simulation  methods.  Several  groups  have  deduced 
information  on  the  structural  aspects  of  the  hydrated  electron  by  developing 
molecular  dynamic  simulations  of  wa;v.  u-,ii:g  Monte  Carlo  and  Feynman  path 
integral  techniques  [10-12].  In  models  based  on  electron-w'ater  pseudopotentials. 
the  electron  is  described  as  a  quantum  particle  and  water  molecules  are  treated 
classically  using  SPC,  ST2  or  MCY  models. 

Computer  simulations  show  a  repartition  of  favorable  sites  for  the 
initial  electron  localization  in  liquid  water  [12].  These  sites  are  attributed  to 
fluctuations  of  the  electronic  density  and  of  solvent  molecules'  orientation,  and 
correspond  to  a  range  of  potential  well  depth  extending  from  0  to  -32.2kca!/mol. 
Our  femtosecond  experiments  cannot  establish  if  the  electron  creates  its  own 
trapping  site  (self-trapping  mechanism)  or  searches  for  pre-existing  shallow  traps 
identified  as  small  structural  fluctuations  or  miniclusters.  However,  in  agreement 
with  a  recent  plausible  picture  of  electron  trapping  in  water  [9,I2|.  our  IR  data 
are  compatible  with  a  distribution  of  pre-existing  sites  which  behaves 
monotomcally  in  energy  down  to  -  1.4  eV.  The  efficient  role  of  shallow  traps  in 
the  appearance  of  a  presolvated  state  (ne,  V  ^  0.5S  eV  lor  a  cross  section 
around  20  A!)  would  correspond  to  spatially  expended  electron-traps  of  about 
4  angstroms. 

Turning  to  the  final  transition  to  the  fully  solvated  state  (o’  .).  it  is 

assumed  that  the  ultrafast  relaxation  of  the  inlrared  species  (240  fs)  corresponds 
to  a  contraction  of  the  trap  size  associated  with  a  modification  01  the  charge 
distribution  inside  the  cavity  of  the  hydrated  electron.  Numerous  theoretical 
stuoies  have  led  to  the  conclusion  that  once  the  electron  gets  localized,  a 
reorientation  of  the  water  molecules  in  the  first  solvation  shell  should  intervene. 
Theories  treating  liquid  water  as  a  dielectric  continuum  predict  that  the  shortest 
lifetime  of  a  trapped  electron  is  determined  by  the  longitudinal  relaxation  time 
of  the  solvent  (13,14],  From  the  fixed  charge  approximation,  T  is  related 
to  the  Debye  relaxation  time  by  the  expression  r  in  which  f  i  and 

€00 are  the  static  and  the  high  frequency  dielectric  constants  respectively.  \ 
dielectric  relaxation  implies  a  continuous  modification  of  the  medium 
interacting  with  the  electron.  This  should  appear  as  a  continuous  spectral  shift 
of  the  electron  absorption  band  from  the  infrared  towards  the  visible  |  I  4  |.  Even 
though  there  is  an  analogy  between  the  time  T?  and  the  estimate  of  the 
longitudinal  one  (0.2  -  0.4  ps)  the  absence  ol  a  significant  spectral  slult  between 
the  tw'o  transitions  of  the  electron  (inlrared  and  visible)  suggests  that  the 
configurational  changes  of  water  molecules  around  the  elec  tron  are  limited  to 
an  extremely  small  number  of  movements  and  favours  electronic  transition  ol 
the  electron  during  the  final  liquid  relaxation. 

The  exhaustive  identification  and  comprehension  of  localized  and  lullv 
relaxed  states  of  electrons  in  liquid  water  evident!;,  need  further  experimental 
data  on  coupling  of  subexcitation  electrons  with  water  molecules  and  theoretical 
treatments  of  electron  solvation  as  a  non-adiabatic  process. 
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Excess  electrons  In  sequestered  aqueous  microdroplets 

Reversed  micellar  systems  (aerosol  OT  -  hydroc  arbon  -  water  s\  stems) 
offer  the  opportunity  to  investigate  electron  hydration  in  unique  aqueous  media 
where  the  microstructure  and  states  of  sequestered  water  bubbles  is  dependent 
on  the  w-atcr  pool  size  delated  as  the  |H?0|/|AOT|  ratio  (%)  |  1  5 1.  At  low  water 
content  (\\~20),  strong  ion-dipole  interactions  lead  to  a  specific  organization  ol 
water  molecules  around  the  sodium  ion  and  provide  favourable  distribution  ol 
ionic  dusters  [NatH^O)  |  within  the  inner  aqueous  core.  In  this  sec  tion  we  will 
discuss  only  some  of  iW  recent  data  on  electron  solvation  in  large  aqueous 
microdroplets  ( U  50).  The  relevant  results  are  summarized  in  Figure  2.  In 
reversed  micelles  (R\t)  without  a  water  pool  (\X  0),  the  risetune  ol  the  induced 

absorption  at  720  nm  can  be  well  fitted  to  a  build-up  time  of  SO  10  Is  (c  urve 
b).  This  time,  taking  into  account  the  position  of  the  zero  time  doluv  (curve  a),  is 
assigned  to  the  formation  of  a  trapped  state  ol  electrons  in  the  non-polar  phase 
ol  RM.  The  time-resolved  spectroscopic  data  obtained  following  the  photo- 
lomzation  ol  i’TH  in  RM  OX  50)  can  be  fitted  to  the  convolution  of  the  pulse 
profile  and  the  signal  rise  which  is  made  of  a  contribution  ol  two  components 
(curve  <  ).  The  lirst  component  corresponds  to  the  appearanc  e  ol  localized 
electrons  in  the  hydrocarbon  phase  of  RM.  The  second  time  constant  has  been 
determined  from  experiments  perlormed  in  the  infrared  (Figure  2B).  \t  1000  nm. 
the  kineticul  model  takes  into  account  the  existence  of  a  transient  state  of  the 
electron  before  solvation  in  the  water  bubble.  The  best  tit  of  the  infra, 
kinetics  gives  an  appearam  e  time  T|  ol  1 40  Is  and  a  lifetime  of  270  Is  |  I  5  |. 
These  femtosecond  investigations  in  RM  demonstrate  that  the  solvation  ol 
photo-electrons  in  water  microdroplets  does  not  proceed  in  a  single  step.  The 
rise- time  T|  ol  the  infrared  tail  includes  both  the  electron  election  thermali/a- 
tion  and  localization  inside  the  aqueous  inner  core  of  RM. 

Once  the  elec  tron  gets  trapped,  the  Imal  stabilization  towards  a  lullv 
solvated  state  occurs  in  270  Is.  These  data,  showing  the  existence  ot  a  precursor 
ol  solvated  electrons  in  sequestered  aqueous  microdroplets,  demonstrate  that  the 
presence  ol  counterions  N'a  does  not  provide  more  favourable  spatial 
distribution  o(  pre-existing  deep  traps  in  RM  than  m  pure  liquid  water.  It  is 
interesting  to  notice  that  in  large  water  droplets  (\X  50)  the  lifetime  of  this 

presolvated  state  is  similar  to  the  value  obtained  m  bulk  water.  Additional 
femtosecond  investigations  are  in  progress  to  establish  if  the  mechanisms  ol 
electron  localization  and  solvation  in  smaller  water  (  lusters  are  influenced  bv 
the  properties  of  the  sequestered  interfacml  water. 


Fig.  2.  Time-resolved  induced  absorption  following  femtosecond  I  V  excitation  ol 
phenothid/.ine  (4  x  10  M)m  reversed  micelles  (AOT,  0.15  M,  n-hoptane). 
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The  dynamics  of  polar  solvation  has  become  a  topic  of  recent  interest  because 
of  its  importance  in  determining  how  a  solvent  will  affect  charge  transfer 
reactions  [1],  The  results  of  experiments  performed  by  us  [2]  and  several 
other  groups  [3]  have  led  to  the  conclusion  that  theoretical  models  that 
treat  the  solvent  as  a  simple  continuum  fluid  are  inadequate  to  describe  the 
actual  dynamics.  The  experimental  results  deviate  in  three  significant  ways 
from  the  predictions  of  Oebye-Onsager  homogeneous  continuum  models.  First, 
the  average  time  scales  observed  are  usually  larger  than  tj_  ,  the  longitudi¬ 
nal  relaxation  time,  and  lie  somewhere  intermediate  between  the  and  tq 
extremes.  (Here  rn  is  the  measured  dielectric  response  time).  Second,  in 
cases  where  the  solvent  relaxation  could  be  fol lowed. over  several  decay 
times  with  a  large  signal  to  noise  ratio,  the  decays  were  clearly  nonexpon¬ 
ential,  resembling  stretched  exponential  decays.  Finally,  at  large  values 
of  the  dielectric  constant  the  response  slows  significantly.  We  have  sug¬ 
gested  that  these  three  findings  result  from  molecular  aspects  of  the  sol¬ 
vent  response  not  included  in  the  continuum  description.  As  has  been 
pointed  out  by  several  authors  [4-6]  for  molecular  scale  solutes,  nearest 
neighbor  solvent  molecules  will  not  enjoy  the  full  cooperativity  implied  by 
tl  and  will  react  on  a  time  scale  closer  to  tp.  The  response  from  the  dis¬ 
tant  solvent  regions  will  have  the  rapid  t^-type  response  and  so  the  over¬ 
all  response  will  therefore  be  slower  and  more  complex  than  that  predicted 
by  the  simple  continuum  response.  Several  years  ago  Calef  and  Wolynes  [4] 
using  a  Smoluchowski-Vlasov  equation  discussed  many  of  these  ideas.  More 
recently  Wolynes  [7],  followed  by  Rips  et  al.  [8,9]  and  Nichols  and  Calef 
[10]  have  developed  the  well-known  mean  spherical  approximation  (MSA)  to 
describe  the  dynamics.  The  MSA  is  a  treatment  of  a  dipolar  hard  sphere  sol¬ 
vent  which  obtains  an  approximation  to  the  radial  distribution  function  from 
first  principles.  It  thus  constitutes  a  molecular  theory  of  solvation  dynam¬ 
ics.  In  a  parallel  study  we  developed  an  inhomogeneous  continuum  model  [11] 
in  which  the  finite  size  of  molecules  is  mimicked  by  a  distance  dependent 
dielectric  function  e(r).  For  particular  choices  of  e(r)  the  MSA  and  inho¬ 
mogeneous  continuum  models  give  essentially  identical  behavior.  One  signi¬ 
ficant  aspect  of  both  theories  is  that  ions  solvate  more  rapidly  than 
dipoles  whereas  in  the  homogeneous  continuum  picture  the  solvation  of  both 
species  has  the  same  time  constant.  The  origin  of  this  behavior  lies  in  the 
range  of  the  interaction.  Simply  put,  the  ions  reach  out  further  and  thus 
the  overall  response  is  more  heavily  biased  by  the  retype  contribution.  A 
third  approach  is  that  of  molecular  dynamics  simulation  where  the  individual 
molecules  are  dealt  with  explicitly.  In  this  paper  we  discuss  our  data  with 
respect  to  the  MSA  model,  the  inhomogeneous  continuum  model  and  describe 
some  of  the  simulation  results. 

Experimentally  we  exploit  the  time  resolved  fluorescence  Stokes  shift  to 
construct  a  correlation  function  C(t)  =  (v(t)  -  v(“))/(v(00  -  v(“)).  Theo¬ 
retical  correlation  functions  are  given  the  symbol  $(t).  Figure  1  shows 
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Fig.  1.  Comparison  of  experi¬ 
mental  C(t)  response  functions 
(solid  curves)  with  the  corres¬ 
ponding  S(t)  functions  calcu¬ 
lated  from  the  MSA  model  (dashed 
curves).  The  experimental  data 
are  from  Ref.  2  and  the  param¬ 
eters  used  to  calculate  the  S ( t ) 
curves  are  listed  in  Table  I  in 
Ref.  12.  The  curves  shown  corre¬ 
spond  to  the  following  solvents 
and  temperatures.  Experimental: 
n-propanol  at  1=295  K.  2=273  K, 
3=25!  K,  4=232  K,  and  5=221  K ; 
calculated:  1,2,3, 4, 5  from  top 
to  bottom.  For  reference,  the 
limiting  exponential and  r  L 
decays  are  shown  as  dotted  lines. 
t  |_  varies  slightly  with  solvent 
and  temperature;  the  pair  of  lines 
shown  here  are  the  extreme  values. 


experimental  data  for  Coumarin  153  in  n-propanol  over  the  temperature  range 
221  K-295  K.  The  time  scale  is  given  in  units  of  t/t[).  Thus  if  a  simple 
continuum  model  applied  all  the  curves  would  lie  on  top  of  each  other  and 
follow  the  line  marked  tL  (in  fact  t,/ tq  varies  slightly  with  temperature  - 
the  pair  of  dotted  lines  show  the  extreme  values).  The  MSA  model  predictions 
are  also  very  similar  over  the  temperature  range  but  clearly  contain  substan¬ 
tially  more  curvature  than  the  real  data.  The  MSA  calculation  in  Fig.  1  is 
for  an  ion.  A  recent  calculation  by  Rips  et  al.  [9]  for  a  dipole  does  not 
improve  the  quality  of  the  description.  Jn  protic  solvents  Rips  et  al.  [9] 
suggest  that  structure  breaking  in  the  vicinity  of  the  solute  is  responsible 
for  this  failure. 

Both  the  MSA  (for  dipoles)  and  the  inhomogeneous  continuum  models  do  much 
better  at  reproducing  the  data  in  aprotic  polar  solvents.  Figure  2  shows  the 
inhomogeneous  continuum  calculation  for  Coumarin  153  in  n-methyl  proprionan- 
ide  at  244  K  and  273  K.  Note  that  the  relaxation  is  now  very  much  slower 
than  The  calculated  curve  uses  an  inverse  exponential  form  forc(r) 
with  a  single  length  parameter  for  both  temperatures  [11].  The  same  value  of 
\  predicts  the  correct  time  dependence  over  a  wide  range  of  dielectric  con¬ 
stants  (80-300)  and  temperatures  in  different  solvents.  The  scale  of  the 
perturbed  solvent  region  for  a  dipole  interaction  corresponds  to  about  two 
solvent  shel Is. 

We  now  turn  to  a  discussion  ot  the  molecular  dynamics  results  [12],  The 
systems  investigated  consisted  of  monatomic  ions  immersed  in  large  spherical 
clusters  of  ST2  water.  Relaxation  of  the  solvation  energy  following  step 
function  jumps  in  the  solute's  chaige,  dipole  moment  and  quadrupole  moment 
were  determined  from  equilibrium  molecular  dynamics  simulations  under  the 
assumption  of  a  linear  solvent  response.  The  effect  of  charge  (+,  0.  -) 
and  $ize0(small  (S)  with  lennard-Jones  parameter  a  =  3.1  A  and  large  t L ) 
o  =  7.0  A)  was  also  investigated.  With  the  exception  of  the  S+  solute  the 
ordering  of  the  decay  rate  of  the  correlation  functions  is  potential 
(charge)  >field  gradient  (quadrupole)  >  field  (dipole).  In  addition  to  the 
faster  decay  the  potential  correlation  functions  show  pronounced  libration- 
al  oscillations  that  are  much  less  pronounced  in  the  other  correlation  func¬ 
tions.  Comparing  the  simulated  correlation  functions  with  the  MSA  predic- 
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Fig.  2.  Comparison  of  experimental  C(t)  responses  (Eq.  1-5,  data  from  Ref. 
2)  and  S(t)  curves  calculated  from  the  inverse  exponential  model  of  ionic 
solvation.  The  experimental  data  were  obtained  with  Coumarin  153  as  the 
probe  molecule  in  N-methylpropionamide  (244  and  273  K).  The  calculated 
curves  are  for  ionic  solvation  using  values  £;,=£„  and  x  =  1.83.  The  param¬ 
eters  used  in  single  Debye  form  representations  of  e(w)  of  the  experimental 
solvents  are,  in  the  order  e„,  e  tn  (ps)  at  244K : 299 ,  6,  1890,  and  at  273K: 
215,6,392  [13]. 


tions  as  with  the  experiments  in  alcohols  leads  to  slower  calculated  than 
"observed"  decays.  A  simple  continuum  model  more  closely  approaches  the 
simulated  results  but  neither  theory  is  able  to  account  for  the  variations 
we  see  in  potential  correlation  functions  for  different  solutes.  The  main 
reason  for  the  failure  of  the  MSA  approach  is  that  the  dynamics  is  dominated 
by  the  first  shell  as  Fig.  3  shows.  Also  shown  in  Figure  3  is  the  single 
particle  time  correlation  function  for  molecules  in  the  first  shell.  The 
contribution  of  any  one  molecule  to  the  potential  tcf  decays  on  this  time 
scale.  Thus  the  fast  response  clearly  results  from  concerted  motion  of 
many  molecules.  The  number  of  molecules  actually  required  to  achieve  the 


Time  (ps) 

Fig.  3.  Potential  time  correlation  function  for  a  SO  solute  decomposed 
into  individual  shell  contributions.  The  solid  curve  is  the  total  response 
and  the  curve  marked  u  is  the  single  particle  dipole  tcf. 


534 


Time  (ps) 


Fig.  4.  Properties  of  the 
trajectory  of  a  single  solvent 
moWulp  in  the  first  shell  of 
an  S+  solute.  A.  Solute-oxygen 
distance.  B.  cos(w  .  r)  where 
is  the  dipole  direction  and  r 
is  the  solute-oxygen  vector. 

C.  The  single  molecule  contri¬ 
bution  to  the  oxygen  potential. 


full  cooperativity  is  10-40.  The  first  shell  dominates  the  response,  con¬ 
tributing  85%  of  the  zero  time  amplitude,  and  producing  the  large  oscilla¬ 
tions  which  appear  to  result  from  a  collective  librational  motion  of  all 
the  molecules  in  the  first  shell.  A  further  significant  point  in  the  first 
shell  dynamics  is  that  the  potential  tcf  differs  from  the  polarization  tcf 
indicating  that  the  solute  does  not  view  solvent  molecules  as  single  point 
charges  but  rather  interacts  with  their  extended  charge  distribution. 

The  last  aspect  we  discuss  is  the  molecular  basis  for  the  differences  observed 
between  charged  and  uncharged  species.  Figure  4  shows  the  behavior  of  a  first 
shell  molecule  for  an  S+  solute.  Panels  A  and  B  give  information  on  trans¬ 
lation  and  rotation,  respectively.  For  an  uncharged  solute  (e.g.  50)  the 
fluctuations  in  the  electrical  potential  arise  almost  entirely  from  the  rota¬ 
tional  motion.  However,  as  panel  C  shows  for  S+,  translational  motions  play 
an  important  role  in  potential  fluctuations.  Waters  in  the  first  shell  of 
5+  point  one  of  their  negative  charges  directly  at  the  solute  and  are  held 
rather  tightly.  This  tight  binding  is  manifest  in  the  coherent  vibrational 
character  of  the  solute-oxygen  distance  shown  in  Fig.  4A.  Thus  while  the 
spikes  in  Fig.  4C  do  come  from  motion  that  is  rotational  in  character  the 
overall  contour  of  the  potential  trajectory  closely  matches  excursions  in 
the  oxygen  to  solute  distance.  Thus  the  much  slower  potential  tcf  response 
for  S+  as  compared  to  SO  results  from  the  importance  of  slower  translational 
mechanisms  in  the  former  but  not  the  latter  solute. 


Thus  the  results  of  this  simulation  do  not  lend  support  to  the  MSA 
picture  of  solvation  dynamics.  Of  course  water  is  one  of  the  most  highly 
structured  solvents  and  its  dynamics  may  well  be  more  complex  and  solute 
specific  than  other  polar  solvents.  Simulations  are  clearly  needed  on 
simpler  liquids  such  as  acetoni 1 iri le. 

This  work  was  supported  by  a  grant  from  the  National  Science  Foundation. 
We  thank  Edward  Castner,  Jr.  and  Biman  Bagchi  for  their  contributions  to  this 
work . 
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The  concepts  underlying  molecular  motion,  and  the  correlated  dynamics 
involved  in  solvation  phenomena,  have  undergone  renewed  scrutiny  in  the  past 
decade  as  we  have  witnessed  a  transition  from  picosecond  to  femtosecond  laser 
spectroscopy  [1],  The  ability  to  monitor  directly  time-ordered  events  makes 
femtosecond  spectroscopic  tcchniquies  viable  for  attacking  the  fundamental 
problems  of  molecular  motion  in  disordered,  condensed  phase  systems  which 
could  be  addressed  previously  only  with  frequency  domain  techniques.  In  this 
paper  we  present  new  optically  heterodyned  optical  Kerr  effect  (OIID-OKE) 
data  on  several  room  temperature  molecular  liquids  and  discuss  briefly  the 
implications  of  these  results  on  models  of  electron  localization  and  solvation 
[2],  and  on  the  dynamic  solvation  of  electronically  excited  states.  The  laser 
system  and  experimental  details  have  been  discussed  at  length  elsewhere  and 
will  not  be  repeated  here  [3]. 

Figure  1  illustrates  schematically  the  scattering  of  a  quasi-free  electron 
through  a  disordered  medium,  in  which  the  fluctuations  in  free  energy  as  a 
function  of  medium  density  are  reflected  in  the  extended  array  of  potential 
energy  wells  of  varying  depth  and  shape.  The  model  for  electron  localization 
proposes  that  the  electron  samples  the  statistical  structure  of  the  medium  that 
is  frozen  on  this  time  scale,  with  the  distribution  of  potential  wells  formed  by 
the  van  der  Waals  or  dipole  induced  clustering  of  molecules  providing  a 
distribution  of  preexisting  localization  sites.  All  evidence  indicates  that  a 


Figure  1.  Schematic  diagram  for  the  trapping  and  solvating  of  a  quasi-free  electron 
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(c)  Springer- Verlag  Berlin  Heidelberg  1988 


537 


minimum  depth  and  cluster  size  is  required  in  order  to  localize  the  electron 
below  the  conduction  band  of  the  medium  (cf.,  fig.  1),  and  that  residence  time 
as  a  trapped  electron  must  persist  into  the  reorientation  time  of  the  molecules 
for  solvation  to  occur.  Hence,  solvation  about  the  initially  trapped  electron,  cf , 
can  lead  to  a  configurationally  relaxed  solvated  electron,  ey.  In  alcohols,  for 
example,  this  solvation  time  is  typically  10~n  to  10-9  s  [5].  It  is  thus  relevant 
to  ask,  what  arc  the  dynamical  structures  present  at  the  earliest  times?  How 
does  one  describe  the  response  of  the  molecules  to  a  sudden  external 
perturbation,  and  how  does  the  inhomogeneity  of  the  liquid’s  local  structure 
affect  the  measured  response?  Femtosecond  spectroscopic  techniques  provide  a 
powerful  tool  to  address  these  issues. 

In  previous  reports  we  have  noted  striking  similarities  in  the  dynamics  of 
all  liquids  composed  of  anisotropic  molecules.  In  particular,  the  OIID-OKE 
response  of  such  liquids  can  be  resolved  into  four  dynamically  distinct 
temporal  regions,  three  of  which  originate  in  motions  of  the  nucleii,  with  the 
fourth  arising  from  the  instantaneous  distortion  of  the  electronic  polarizability 
to  the  applied  optical  field  [3,4],  While  the  qualitative  appearence  of  the  data 
for  different  liquids  may  be  quite  different  owing  to  different  amplitudes  of  the 
different  signal  contributions,  all  can  be  resolved  into  these  four  dynamical 
regions  and  described  in  a  qualitative  fashion  by  a  single,  simple  model  [3,4]. 
Furthermore,  it  has  been  demonstrated  for  CS2  that  the  exponentially 
decaying  contribution  with  a  lifetime  of  >1  ps  behaves  in  a  manner  that  is 
consistent  with  Debeye-Stokes-Einstein  diffusive  reorientation,  while  the 
subpicosccond  nuclear  relaxations  appear  to  be  intrinsically  non-diffusive, 
arising  from  coherently-driven  vibrational  modes  of  the  local  fluid  structure 
[3,4,6].  In  liquids  consisting  of  anisotropic  molecules  this  intermolecular 
vibrational  motion  is  dominated  by  oscillatory  orientational  motion  ( molecular 
libration )  of  the  molecules  in  the  local  intermolecular  potential  wells. 

Figures  2  gives  the  OIID-OKE  responses  for  neat-pyridine  and  neat - 
bromoform  at  298  K  initiated  with  65  fs  pulses  centered  at  ~ 633  nm.  The 
bromoform  data  (fig.  2,  lower)  is  dominated  by  a  large  electronic  response 
centered  at  r  =  0,  and  the  coherent  oscillation  of  the  154  cm-1  intramolecular 
vibrational  mode  which  is  driven  by  different  Fourier  components  of  the  spec¬ 
trally  broad  laser  pulse  [3,7].  Because  this  molecule  is  nearly  isotropic,  the 
signal  contributions  from  anisotropic  intermolecular  motions  arc  small.  The 
OIID-OKE  for  pyridine  (fig.  2,  upper),  on  the  other  hand,  is  dominated  by 
these  intermolecular,  anisotropic  motions.  The  initial,  rapid  decay  of  the  signal 
arises  from  the  destructive  interference  of  the  different  oscillators  (molecular 
librators),  all  excited  in  phase  by  the  ultrashort  optical  pulse.  The  rapid  de¬ 
phasing  is  a  consequence  of  the  inhomogeneous  distribution  of  molecular  envi¬ 
ronments,  and  hence  the  distribution  of  oscillation  frequencies  in  these  dis¬ 
ordered  liquid  systems.  The  non-zero  intercept  at  long  times  in  both  curves  is 
indicative  of  a  residual  anisotropy  of  molecular  orientations  (an  orientational 
anisotropy),  the  decay  of  which  arises  from  diffusive  rcoricntational  motion. 
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Figure  2.  OIID-OKE  data  for  ■pyridine  (upper)  Figure  3.  OIID-OKE  data  Jor  acetonitrile 
and  bromoform  (lower)  liquids  at  29S  K  liquid  in  linear  and  semi-log  /on-.-is 


Because  of  its  importance  in  studies  on  dynamic  solvation,  we  focus  at  this 
point  on  the  ultrafast  dynamics  of  acetonitrile.  Figure  3  gives  the  raw  OIID- 
OKE  data  for  rceat-acctonitrilc,  presented  in  linear  and  semi-log  formats. 
Evident  in  this  data,  following  the  initial  (instantaneous)  rise  of  the  electronic 
response,  is  the  rapid  signal  decay  associated  with  the  inhomogcncously- 
broadened  ensemble  of  coherently-excited  molecular  librators,  followed  by  the 
slower  decay  of  the  orientational  anisotropy.  From  a  least-squares  fit  to  the 
linear  portion  of  the  semi-log  data  (r  >  1  ps,  linear  over  >  four  lifetimes)  a 
time  constant  of  1.4  ps  is  obtained  for  diffusive  reorientation  of  acetonitrile. 

The  short-time  dynamics  of  acetonitrile  are  investigated  further  in  fig.  4. 
The  upper  panel  presents  again  the  raw  OIID-OKE  data.  The  lower  panels 
present  (in  linear  and  semi-log  formats)  reduced  data  in  which  a  tail-matched, 
exponentially  decaying  response  generated  to  reproduce  the  1.4  ps  decay  of  the 
orientational  anisotropy  has  been  subtracted  off  [3].  The  complexity  of  the 
dynamics  at  short  times  is  evident,  with  the  linear  portion  of  the  lower  panel 
fitted  to  a  straight  line  with  a  time  constant  of  ~400  fs.  This  relaxation  has 
been  discussed  [4]  in  terms  of  local  density  fluctuations  which  destroy  the  local 
structure  of  the  liquid  on  a  ~400-600  fs  time  scale.  The  observed  dynamics  in 
acetonitrile  are  consistent  with  those  of  numerous  anisotropic  molecular  liquids 
investigated  to  date  [3]. 

The  residual  OIID-OKE  data  of  fig.  4  (middle  and  lower)  contains  contri¬ 
butions  from  both  the  instantaneous  electronic  response  and  the  ensemble  of 
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Figure  4.  (upper)  OlID-OKE  data  Jor  neat 
acetonitrile  at  298  K;  (middle  and  lower) 
reduced  data  with  tail-matched  exponential¬ 
ly  decaying  1.4  ps  response  subtracted  ojj, 
presented  in  linear  and  semi-log  Jormats. 
The  straight  line  represents  a  ^400  Js 
decay 
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Figure  5.  The  coherently  excited  distribu¬ 
tion  of  intermolecular  oscillators ,  D'(U)), 
obtained  from  the  raw  OllD-OKE  data  for 
acetonitrile  as  is  described  in  [7] 

cohcrcntly-cxcitcd  intermolecular  oscillators,  with  this  latter  contribution 
containing  information  on  the  inhomogeneous  distribution  molecular  environ¬ 
ments.  Elsewhere  in  this  volume  [8]  we  present  a  technique  for  obtaining 
directly  the  distribution  function  associated  with  this  ensemble  of  oscillators. 
The  resultant  spectrum  for  acetonitrile  is  given  in  fig.  5.  For  the  weakly 
polarizable,  highly  anisotropic  acetonitrile  molecule  this  skewed  spectrum, 
which  exhibits  a  maximum  at  ~50  cm-1  and  a  width  of  ~90  cm-1  FNVIIM, 
can  be  associated  with  the  distribution  of  molecular  librators  in  this  liquid. 
The  vibrational  frequencies  of  the  individual  molecules  reflect  the  uiic-to-sitc 
variations  in  the  local  intermolecular  potentials.  Hence,  femtosecond  optical 
Kerr  measurements  provide  direct-  information  on  the  inhomogcncity  of  the 
local  structure  in  these  disordered  condensed- phase  systems,  with  the 
distribution  D^w)  providing  a  direct  experimental  link  to  the  models  of  pre¬ 
existing  electron  localization  sites  in  liquids.  Furthermore,  as  is  evident,  from 
figs.  3-5,  liquid  acetonitrile  exhibits  high-frequency,  non-diffusive  orientational 
molecular  motions  extending  well  beyond  100  cm-1  (~3  TIIz),  in  addition  to 
the  slower  dynamics  of  the  diffusive  reorientation  process.  These  ultrafast 
motions,  which  are  evident  in  all  anisotropic  liquids  thus  far  investigated, 
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should  be  of  significance  in  the  early  time  dynamics  of  the  solvation  process, 
whether  it  involves  an  electronically  excited  species  or  localized  electrons.  We 
gratefully  acknowledge  the  U.S.  Office  of  Naval  Research  and  NSERC,  Canada 
for  financial  support. 
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A  novel  semiclassical  theory  which  provides  a  unified  description  of  nonlinear  optical  lineshapes 
and  molecular  rate  processes  was  developed  recently.!  1_41  Consider  a  molecular  system  with  two 
electronic  levels  (la>  and  lb>)  in  a  solvent,  whose  Hamiltonian  is 

H  =  la>  Ha  <a!  +  lb>  Hb  <bl  +  Hjnl  (j ) 

where 

Hint  =  V  (laxbl  +  Ibxal).  (2) 

Here  Ha  and  Hb  represent  nuclear  degrees  of  freedom  (both  intramolecular  and  solvent).  In 
nonlinear  optical  measurements  la>  is  the  ground  state  and  lb>  is  an  electronically  excited  state  and 

V  =  -  4  E(r,t)  is  the  dipole  coupling  with  an  external  electromagnetic  field.  The  same  Hamiltonian 
may  represent  a  rate  process  (such  as  electron  transfer,  or  isomerization). 151  In  that  case  V  is  the 
nonadiabatic  coupling  between  the  two  reacting  species.  In  order  to  express  our  results  in  a 
compact  form  we  introduce  two  auxiliary  quantities.  The  first  is 

CTj  (x)  a  <8(x-U)  Pj>  (3) 

where 

Pj  s  exp(-Hj/kT)/Tr  exp(-Hj/kT).  j  =  a,b  (4) 

U+E°  =  Hb-Ha  (5) 

Here  U  is  the  solvation  coordinate  and  E°  =  ho)ba  is  the  energy  difference  of  the  minima  of  Ha  and 

Hb-  Oj(x)  is  the  probability  distribution  of  the  solvation  coordinate  U  when  the  system  is  in  the 
state  j. 

The  second  quantity  is  the  conditional  probability  for  the  solvation  coordinate  to  have  the  value  x  at 
time  t,  given  that  it  had  the  value  y  at  t=0  and  that  the  system  is  in  the  state  j.  i.e., 

Wj(x,t;y)  =  (cra(y)r1  <5|x-Uj(t)|  S(y-U)pa>  ,  j=a,b  (6) 

Uj(t)  =  exp(iHjt)  U  exp(-iHjt)  ,  j=a,b.  (7) 

Note  that  by  definition,  Wj(x,0;y)  =  5(x-y).  and  Wj(x,°°;y)  =  Oj(x). 

The  absorption  spectrum  is  simply  given  by  aa(w-tOba).  Similarly,  Ob(a)-cOba)  is  the  emission 
(fluorescence)  spectrum  in  a  steady  state  experiment.  We  next  consider  two  time-resolved 
spectroscopic  techniques  which  are  commonly  used  in  the  studies  of  solvation:  fluorescence  and 
hole-burning  (pump-probe)  spectroscopies.!3-6!  Both  measurements  are  related  to  the  nonlinear 
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polarization  P®,  and  start  with  the  application  of  a  short  pump  pulse  centered  at  t=0  with 
frequency  coi.  In  a  time-resolved  fluorescence  measurement,  the  solvation  dynamics  when  the 
solute  i.  in  the  excited  electronic  state  lb>  is  probed  by  collecting  a  spontaneously  emitted  photon 
with  frequency  C02  at  time  t.  The  fluorescence  signal  is  given  by 


SFL(C0i,C02,t)  =  (0i0)2  Wb(C02-a>ba.t;  COi-CDba)  Oa(COi-COba) 


(8) 


In  a  time-resolved  hole-burning  measurement  the  absorption  spectrum  is  measured  with  a  probe 
pulse  that  is  delayed  relative  to  the  pump  pulse  by  time  t.  The  hole-burning  lineshape 

Shb(wi>W2,0  is  defined  as  the  difference  between  the  absorption  coefficient  at  (. 02  in  the  absence  of 

a  pump  pulse  and  the  absorption  coefficient  at  02  measured  with  a  probe  pulse  that  follows  a  pump 
pulse,  and  is  given  by 


Shb(®1.W2.0 

=  C01CC2  [Wb(C02-Wba.f,  O3l-®ba)+Wa(O>2-0Jba,t;  ®l-COba)]Oa(®l-“ba)- 


The  rate  of  a  chemical  process  (e.g.,  electron  transfer!  from  !a>  to  !b>  is  given  byl4l 

2ic  (V2/h)  aa(-E°) 

K  = - - - - - 

1  +27t(V//h)  aa(-E°)  (ta+t^ 


(9) 


(10) 


Xj=[oa(-E0)]'1  f  ~dt  [Wj  (-E°,t;-E°)  -  Wj  (-E0,  -E°)] ,  j=a,b. 

J0 


01) 


Here  Xj  is  the  relaxation  time  for  a  fluctuation  of  the  solvation  coordinate  U  at  the  transition  state 
U  =  -  E°,  when  the  system  is  in  the  state  j.  In  the  adiabatic  limit  (small  V)  the  rate  is  proportional 
to  V2  and  is  given  by  the  Fermi  Golden  Rule.  In  the  opposite  (adiabatic)  limit  the  rate  is  given  by 
the  solvent  relaxation  time  (xa  +  Xb)'1. 


Eqs.(8-1 1)  show  that  within  the  semiclassicai  approximation,  the  hole-burning  and  fluorescence 
measurements  probe  the  same  solvent  quantities  Oj  and  Wj  which  enter  into  the  calculation  of  rate 
processes.  These  equations  provide  a  unique  insight  on  the  dynamics  of  optical  and  rate  processes. 
The  present  derivation  is  very  general  and  does  not  require  the  introdution  of  a  specific  model  for 
solvation.  Apart  from  considering  a  two  state  model  and  making  a  semiclassival  approximation, 
we  did  not  have  to  specify  the  model  any  further.  We  have  derived  explicit  expressions  for  Oj  and 
Wj  for  polar  solvents,  which  relate  them  to  the  dielectric  function  of  the  solvent  e(co)  J3-4) 

We  have  calculated  fluorescence  and  hole-buming  lineshapes  of  a  polar  solute  in  ethanol  at  247 
K.  For  the  dielectric  function  we  assumed  a  Debye  modell3!  with  a  longitudinal  relaxation 
timescale  xb  =  150  ps.  In  Figure  1  we  display  the  calculated  time-resolved  fluorescence  spectrum 
of  the  retinal  chormophore  in  bacteriorhodopsin,  which  has  29  optically  active  vibrational  modes. 
The  frames  show  fluorescence  spectra  measured  at  successively  longer  times.  Each  spectrum  is 
labeled  with  the  observation  times  in  ps,  measured  from  the  time  at  which  the  sample  interacts  with 
the  peak  of  the  excitation  pulse.  In  Figure  2  we  show  the  hole-buming  lineshapes  for  the  same 
system. I-T^bl 

The  general  theoretical  framework  described  here  provides  a  unified  approach  for  calculating 
reaction  rates  and  nonlinear  optical  lineshapes  of  polyatomic  molecules  in  solution.  Our  theory  of 
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Figure  1 


^2‘^ba  (cr^’) 

Figure  2 


Tune-resolved  fluorescence  spectra  of  a  Mole-burning  lineshapes  for  the  same 

polyatomic  solute  in  ethanol  at  247  K  following  molecular  model  as  Figure  1. 
a  1  ps  excitation  pulse. I3 4 5 6'  The  pump 
frequency  on  is  152 28  env1  above  the 
0-0  transition. 


rate  processes,  such  as  electron  transfer  and  isomerization  in  condensed  phases,  generalizes  the 
Kramers  and  the  Marcus  theories  and  interpolates  between  the  nonadiabatic  and  the  adiabatic  limits. 
We  have  demonstrated  how  solvation  dynamics  extracted  from  linear  and  nonlinear  optical 

measurements  (absorption,  fluorescence,  hole-burning,  and  X may  be  used  to  predict  electron 
transfer  rates. 
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Coherent  Vibrational  Motion  in  Liquids: 

The  Inhomogeneously  Broadened  Distribution 
of  Intermodular  Oscillators 

D.  McMorrow,  W.T.  Lotshaw ,  T.R.  Dickson,  and  G.A.  Kenney-Wallace 

Lash  Miller  Laboratories,  Department  of  Chemistry, 

University  of  Toronto,  Toronto  M5S  1A1,  Canada 


We  present  a  simple  and  straightforward  technique  for  obtaining  the 
distribution  function  associ;  Led  with  the  inhomogeneously  broadened  ensemble 
of  oscillators  excited  in  time-domain  experiments  with  ultr.ishort  laser  pulses, 
and  apply  the  technique  to  recent  femtosecond  optically  heterodyned  optical 
Kerr  effect  (OIID-OKL)  data  for  two  simple  molecular  liquids.  1'his  study 
provides  new  and  detailed  insight  into  the  distribution  of  local  intermolecular 
potentials  in  these  disordered  condensed- phase  systems,  and  reveals  the  role  of 
this  distribution  in  determining  the  details  of  the  ultrafast  dynamics. 

The  low  frequency,  intermolecular  vibrational  motions  of  anisotropic 
molecules  previously  have  been  analyzed  in  terms  of  assumed  functional  forms 
which  have  been  developed  to  approximately  represent  different  physical 
models  [1-3].  These  analyses  have  provided  an  adequate  description  of  the  data 
in  many  cases,  but  .are  unable  to  reproduce  the  details  of  the  temporal  profile 
for  liquids  which  exhibit  more  complex  dynamics.  A'-,  ordingly,  the  qualitative 
trends  observed  in  the  current  study  are  consistent  with  those  of  previous 
analyses,  however  the  distributions  observed  are  significantly  mor-  complex 
than  could  be  predicted  by  the  simplified  functional  forms  thus  fa-  ’t.iiized  in 
analyzing  the  time-domain  data.  In  particular,  several  liquids  exhibit  evidence 
for  two  and  even  three  bands  within  the  markedly  asymmetric  • —  -10- 1 00  cnf  ! 
FWIi.M  spectrum  (figure  nde  infra).  The  method  presented  is  quite  general, 
and  may  be  applied  to  obtain  the  frequency  spectrum  .associated  with  any 
temporal  signal  that  can  be  represented  as  a  convolution  of  an  effective  driving 
function  (or  instrument  function)  with  an  impulse  response  function  ( o f . . 
equation  1).  if  the  driving  function  is  a  symmetric  function  or  time. 
Furthermore,  the  result  presented  i.-  exact  to  within  the  experimental 
limitations  of  t he  data. 

Ill  an  OllD-OKF  experiment  the  detected  signal  may  be  t'epn . .ted  [F  as 

a  convolution  of  the  laser  pulse  intensity  autocorrelation,  (I  *  (7).  with  the 
impulse  response  function  of  the  induced  birefi  Migenci  .  Hit'.  Assuming  the 
separability  of  electronic  and  nuclear  responses.,  |{(t)  ..  .t(ii  -  ni  l.  and  that 
the  electronic  response  is  instantaneous  on  the  time  scale  oi  the  ~fe>  Is  laser 
pulses  used  in  this  study,  the  transmitted  signal  may  be  represented  as 

( ; , r : ( t  -  r)  rit  i  dt.  tii 


hprmger  S«*ri*\s  m  I'iijsu  •>.  V»>i  -I «  lllrnfnst  Pimm VI 

l^lilorc  'I  Y»jIiiik  •  K  Virtliiiiftm  •  1  ‘  ||  liarr.s  *S  S|ii<hi<.\m 
;'e)  Springer- Wring  pt**** 


1  ( i 


< :  !r’ 1 ;  -  > 


All  of  the  information  related  to  the  nuclear  response  of  the  liquid  to  the 
applied  optical  field  is  contained  in  the  impulse  response  function  r(t). 
Because  all  nuclear  motion  is  initiated  in  phase  at  t  =  0,  this  impulse  response 
may  be  represented  as 


r(t)  = 


*0O 

sin  (ut)  D(u>)  d w. 
o 


It  is  straightforward  to  demonstrate  that  D(tu)  may  be  obtained  by  ij  anti- 
symmetrizing  the  raw  data,  Ta(r)  =  T(r)  —  T(  —  r),  it)  performing  a  Fourier 
transform  of  the  antisymmetrized  response  Ta(r),  and  ni)  dividing  this  result 
by  the  Fourier  transform  of  the  measured  laser  pulse  autocorrelation.  Thus, 


D(u>)  oc 


?{T,(r)} 

?{g(02V)} 


(3) 


where  lJ{ •••}  indicates  the  fuil  exponential  Fourier  transform.  Because  the 
autocorrelation  function  G0*\t)  is  symmetric  with  respect  to  r  =  (J,  the 
purely  electronic  contribution  (first  term  on  the  r.h.s.  of  (1))  vanishes  in  the 
antisymmetrization  procedure.  A  similar  antisymmetrization  procedure  has 
been  utilized  elsewhere  in  removing  the  coherent  coupling  contribution  from 
time  domain  data  [4].  The  effects  of  the  finite  driving  function  are  removed  in 
the  final  operation,  and  it  should  be  noted  that  this  correction  becomes  less 
significant  for^  shorter  pulses  and  at  lower  frequencies.  We  note  that  since 
T a(r)  and  Gq  are  antisymmetric  and  symmetric  with  respect  to  r  =  0, 
respectively,  the  numerator  and  denominator  of  (3)  reduce  to  pure  sine  and 
cosine  transforms.  It  is  essential  to  maintain  precisely  the  experimental  r  =  tl 
throughout  this  procedure  [5]. 

Figure  1  gives  the  raw  OilD-OKK  data  for  neat  CS2  and  neat 
bromobcnzenc  at  298  K.  The  signal  contribution  associated  with  the 
imposition  and  decay  of  an  orientational  anisotropy  (r1/c  >  1  ps )  is  not  of 
primary  interest  hen  and  may  be  removed  from  the  data  in  a  straightforward 
fashion  [1]  prior  to  the  antisymmetrization  procedure.  In  this  case,  the 
resultant  distribution,  D^ta),  represents  the  coherently-excited  distribution  of 
osci''at.ors  which,  in  general,  is  a  function  of  both  the  equilibrium  I. thermal', 
oscillator  distribution  and  the  frequency  spectrum  of  the  exciting  laser  pulse. 
Figure  2  gives  the  distribution  l/(a)  for  the  liquids  of  figure  1. 

Previous  analyses  have  assumed  that  IT  (a)  could  be  represented  by  an 
approximately  Gaussian  distribution  [2,3].  On  inspection  of  the  data  of  figure 
2,  it  is  not  surprising  that  those  analyses  provide  an  adequate  description  of 
the  short-time  dynamics  for  the  case  of  CS2.  On  the  other  hand,  bromoben/eiie 
and  several  other  benzenes  exhibit  more  complex  temporal  profiles  that  can 
not  be  reproduced  with  these  simple  representations.  Accordingly ,  in  figure  2. 
liquid  bromobeiizenc  exhibits  a  much  more  complex  frequency  (list  ribut  mu 
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Figure  1.  OIID-  ODE  data  for  CSo  (upper)  Figure  2.  Distribution  function  O' ( rJ  J  for 

bromobcnzenc  (lower)  liquids  at  2!>H  li  C. s'.,  (upper)  and  lromoiu  n:i  nr  ( lower ) 


than  that,  of  CS2-  A  preliminary  interpretation  of  the  bromobenzene  data 
involves  librational  motion  about  two  disinct  molecular  axes,  giving  rise  to  the 
low  frequency  maximum  at  ~25  cm"1 2,  and  the  higher  frequency  shoulder  at 
~G5  cm-1.  The  data  of  figures  1  and  2  indicate  clearly  the  role  of  the  inhomo¬ 
geneous  distribution  of  molecular  environments  in  shaping  the  ultrafast 
dynamics  of  these  liquids. 
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The  large  amplitude  rotational  motion  of  a  solute  molecule  is  a 
sensitive  probe  of  local  solvent  structure  and  dynamics! 1] .  The 
experimentally  measured  rotational  correlation  function  can  be 
used  to  test  microscopic  friction  models.  Such  models  are  of 
central  importance  in  theories  for  chemical  reaction  dynamics  in 
liquids [ 2 ] . 

The  rotational  anisotropy  decay  functions  of  several  neutral 
solutes  dissolved  in  both  n-alkane  and  n-alcohol  solvents  have 
been  measured  using  picosecond  stimulated  emission  gain  and 
fluorescence  photon  counting  techniques.  The  results  reveal  a 
breakdown  of  hydrodynamic  models  for  the  rotational  motion  of 
small  solute  molecules.  A  turnover  to  near  perfect  hydrodynamic 
behavior  is  found  for  the  largest  solute  studied  (see  Fig.  1). 


Figure  1.  The  rotational 
diffusion  tine  of  BTBF  in 
various  n-aikane  (trian¬ 
gle)  and  n-alcohol  (cir¬ 
cle)  solvents  at  23  C  as  a 
function  of  solvent 
viscosity  over  tempera¬ 
ture.  The  same  behavior 
is  observed  when  tempera¬ 
ture  dependent  measure¬ 
ments  are  performed  in 
n-hexanol  and 
n-tetradecane .  The  scl;  : 
ellipse  in  the  inset  is  • 
outline  of  spheroid  use,: 
to  model  BTBP.  Spheroids 
the  size  of  the  small  and 
large  dashed  ellipses 
would  have  to  be  assumed 
in  order  to  get  perfect 
agreement  with  stick  and 
slip  hydrodynamic  predic¬ 
tions,  respectively. 
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The  observed  solute  size  dependence  can  be  used  to  test 
various  theoretical  models  for  microscopic  f riction[ 3-5 ] . 
Zwanzig's  zero  frequency  hydrodynamic  model  for  the  solute  size 
effect[3]  shows  qualitatively  the  right  turnover  from  stick  to 
slip  like  behavior  with  decreasing  solute  size.  This  model  does 
not,  however,  show  either  a  sufficiently  strong  solute  size 
dependence  or  the  sub-slip  friction  often  observed  experimental¬ 
ly.  We  therefore  suggest  a  simple  generalized  hydrodynamic  model 
utilizing  empirically  derived  frequency  dependent  shear  viscosi¬ 
ties  of  n-alkane  solvents[6].  In  this  heuristic  model  the 
rotational  anisotropy  decay  function  is  given  by 

R  ( t )  =  2/5  Exp  ( -3kTt/ (  3  f  Vrj  ( t) +I/t )  |  (1) 

where  the  effective  time  dependent  shear  viscosity  is 

rj(t)  =  Ar/(l+rr/t)  +  As/(l  +  fS/t).  (2) 

The  amplitudes  Ar,  As  and  time  constants  rr,  rs  depend  on  the 
solvent [ 5 , 6 ] ,  V  and  I  are  the  solute  volume  and  moment  of  inertia 
respectively  and  f  is  a  solute  shape  and  boundary  condition 
dependent  factor [ 1 , 4 , 5] .  The  limiting  behaviors  of  (1)  at  short 
and  long  times  respectively  are  R(t)  =  Exp|-kTt2/I)  and 
R(t)  =  Exp{  -kTt/fVrjg } .  These  are  the  proper  inertial  (free 
rotor)  and  diffusive  (Debye)  limits,  where  no  =  Ar  +  As  is  the 
solvent's  zero  frequency  shear  viscosity.  Crossover  of  the 
effective  viscosity  at  intermediate  times,  as  given  by  (2),  is 
assumed  to  roughly  represent  the  integral  of  the  random  force 
(torque)  autocorrelation  function  experienced  by  the  solute 
between  time  equal  0  and  t. 

Representative  results  of  this  model  for  the  rotational 
diffusion  of  iodine  molecules  dissolved  in  n-alkane  solvents  are 
shown  in  Fig.  2  (solid  lines) .  These  results  reveal  substantial 
deviations  from  macroscopic  hydrodynamic  predictions  (dashed 
lines) .  The  triangles  in  Fig.  2a  represent  previously  reported 
rotational  diffusion  times  obtained  from  Raman  line  shape  stud- 
ies[7].  Calculations  for  larger  molecules  (e.g.  p-terphenyl  and 
BTBP)  reveal  relatively  smaller  deviations  from  macroscopic 
hydrodynamic  predictions  and  very  nearly  exponential  rotational 
anisotropy  decays  -  again  in  qualitative  agreement  with 
experiment . 

Three  important  predictions  of  our  generalized  hydrodynamic 
model  are,  i)  sub-slip  friction  on  small  solute  molecules,  ii) 
non-zero  intercepts  in  the  zero  viscosity  limit,  iii)  non-expo¬ 
nential  behavior  (with  both  positive  and  negative  curvature)  in 
the  rotational  anisotropy  decays  of  small  solute  molecules.  Of 
these  predictions  the  first  two  are  born  out  by  numerous  previous 
studies [ 1 , 4 , 5 , 7 ] .  The  third  prediction  remains  to  be  conclusive¬ 
ly  verified,  although  early  time  inertial  non-exponentia 1 ity  has 
been  observed  in  some  anisotropic  Raman  line  shape  studies  and 
more  recently  in  pump-probe  time  domain  experiments ( 8 ] . 

Other  molecularly  based  model s [ 4 , 9 , 1 0 ]  have  been  proposed  to 
account  for  the  breakdown  of  macroscopic  hydrodynamics.  All  of 
these  models  undoubtedly  contain  features  which  are  important  for 
the  proper  description  of  microscopic  frictional  forces.  The 
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viscosity  (centipoise)  time  (picoseccnps) 

Figure  2.  a)  Predicted  dependence  of  iodine's  rotational  time, 

5/2  J0  R(t)dt,  on  the  zero  frequency  viscosity  of  n-alkane 
solvents  at  20°C.  b)  Predicted  rotational  anisotropy  decay 
function,  5/2  R(t),  for  iodine  in  n-tetradecane  at  20:C.  Dashed 
lines  are  zero  frequency  slip  hydrodynamic  predictions,  solid 
lines  are  calculated  using  our  generalized  hydrodynamic  model  and 
triangles  are  experimental  points  taken  from  [7], 


substantial  success  of  our  very  simple  generalized  hydrodynamic 
model  suggests  that  the  finite  dynamic  response  time  of  real 
liquids  represents  a  key  molecular  feature  which  strongly  influ¬ 
ences  the  motion  of  solute  molecules  on  the  picosecond  time 
scale . 
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Influence  of  Functional  Groups  and  Solvent 
on  the  Photoisomerization  of  Stilbenes 

N.S.  Park,  N.  Sivakumar,  E.A.  Hoburg,  and  D.H.  Waldeck 

Department  of  Chemistry,  University  of  Pittsburgh, 
Pittsburgh,  PA  15260,  USA 


The  photoisomerization  of  t-stilbene  is  a  model  system  for  the  invest¬ 
igation  of  solvent  effects  on  chemical  reactions.  This  study  discusses  the 
isomerization  of  stilbcne  and  its  4 .4 1  -di subs ti tu ted  analogues  in  polar 
solvents.  The  investigation  of  substituted  stllbene  allows  the  influence 
of  solute  properties  on  the  reaction  dynamics  to  be  evaluated.  For  the 
stilbenes  in  this  study  both  the  energy  barrier  height  to  isomerization  and 
the  reduced  moments  of  inertia  are  changed  by  the  substitution.  The  pre¬ 
sence  of  different  functional  groups  on  the  stllbene  can  also  change  the 
interaction  with  the  solvent.  Primarily  the  solute/solvent  frictional 
coupling  is  expected  to  change,  because  the  volume  displaced  upon  isomeri¬ 
zation  changes  and  the  nature  of  the  solute/solvent  coupling  changes  (i.e. 
stilbene  couples  via  dispersion  forces  whereas  4 . 4 ' -dihydroxyst 1 ibene  couples 
via  dipole-dipole  and/or  hydrogen  bonding  interactions).  The  studies 
described  here  probe  isomerization  in  two  different  homologous  series  of 
polar  solvents.  In  the  n-alkyl  nitriles,  which  are  non-associating  solvents, 
it  is  possible  to  treat  the  isomerization  as  occurring  on  a  solvated  poten¬ 
tial  energy  surface.  However,  in  the  n-alkyl  alcohols  which  are  associating 
solvents,  it  is  not  possible  to  extract  a  potential  energy  surface  which  is 
independent  of  the  solvent  dynamical  response. 


1 .  n-rtlkyl  Nitrile  Studies 

As  shown  previously  [1-41,  it  is  possible  to  exploit  the  general  form  of 
the  expression  for  the  rate  constant  to  extract  an  activation  barrier  for 
the  reaction.  This  form  is 


F({)  exp( -E/KT ) 


(1  ) 


where  E  is  the  activation  energy  and  F ( 5 )  is  a  function  of  the  solute  pro¬ 
perties  and  the  solute/solvent  friction.  By  performing  Arrhenius  type 
plots  at  constant  solvent  friction  it  is  possible  to  obtain  the  energy 
barrier.  Figure  1  shows  such  plots  for  t-stilbene  in  the  n-alkyl  ni:  lies 
where  the  solvent  friction  is  modeled  as  being  proportional  to  the  solvent 
viscosity.  Recent  studies  show  that  this  method  of  obtaining  a  barrier 
is  rather  Insensitive  to  the  modeling  of  the  solute/solvent  friction  [1,3]. 
The  slopes  of  the  isoviscosity  plots  appear  to  be  insensitive  to  the 
changing  solvation  from  propioni tri  le  to  decaneni tri le  [2],  The  activation 
barriers  for  the  three  solutes  studied  are  given  in  Table  1.  For  the  case 
of  stilbene  and  dimethoxys t i 1  bene  it  is  possible  to  compare  these  barriers 
with  the  unperturbed  barriers  of  3.5  keal/mol  [3]  and  5.7  kcal/mol  [1). 
respect  1 ve ly .  The  barriers  reported  in  Table  1  should  be  considered  to  be 
solvated  barriers. 

Shown  in  Fig.  2  is  a  fit  of  the  preexponential  factor,  F({),  to 
various  models  for  the  case  of  t-stilbene  (qualitatively  similar  behavior 
is  observed  for  the  other  : olute  probes).  The  dashed  curve  shows  a  best 
fit  to  a  hydrodynamic  form  ot  the  Kramers  model  [1-4],  namely 
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Fig. I  -  Isoviscosity  plots  for 
t-stilbene  in  the  n-alkyl  nitriles. 
(•—5.0  cP;  A  — 3.0  cP;  •  — 2.0  cP; 
o — 1.3  cP;  A— 0.9  cP;  a— 0.5  cP) . 


Fig. 2  -  Plot  of  reduced  iso¬ 
merization  rate  versus  shear 
viscosity  (see  text). 


Table  1:  Parameters  for  n-alkyl  nitrile  studies  (C2H5CN  to  C9H19CN) 


Solute 

E(kcnl/mol ) 

B( lO*2) 

a 

t-stilbene 

2.6 

1.09 

0.51 

4.4'  -dihydroxysti lbene 

4 . 3 

1.67 

0.44 

4.4' -dimethoxysti lbene 

4.2 

1.41 

0.44 

F(rj)  --  g2  (U  ►  (B/rj)2)^  -  1)  .  (2) 

The  failure  of  (2)  to  fit  the  data  is  similar  to  that  observed  in  a  wide 
variety  of  Isomerization  data.  The  solid  line  in  Fig.  2  is  a  phenomenolo¬ 
gical  form,  B/oa.  which  is  known  to  fit  isomerization  rate  da^a  quite  well. 
The  trend  in  the  parameters  is  similar  to  that  reported  earlier,  that  is  as 
the  barrier  height  increases  the  viscosity  dependence  becomes  weaker.  This 
trend  has  been  interprets-  in  terms  of  the  frequency  dependence  of  the 
viscosity  [4j.  That  is,  as  the  timescale  of  the  isomerization  increases 
the  ability  of  the  zero  frequency  shear  viscosity  to  model  the  friction 
fails.  Various  approaches  to  correcting  this  modeling  of  the  friction  have 
been  discussed  [1,3].  Although  the  dimethoxyst i 1  bene  should  displace 
approximately  twice  as  much  volume  as  stilbene  upon  isomerization,  it  has 
a  weaker  viscosity  dependence,  presumably  caused  by  the  increase  barrier 
curvature . 


2 .  n-Alkyl  Alcohols 

The  isomerization  dynamics  in  the  n-alkyl  alcohols  is  considerably  more 
complicated  than  in  the  n-alkyl  nitriles.  Figure  3  shows  isoviscosity 
plots  for  4 , 4 ’ -di hydroxyst i 1  bene ,  where  the'  slope  of  the  lines  change  for 
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Fig. 3  -  Isoviscositv  plots  for 
dihydroxyst i Ibene  in  the  n-alkyl 
alcohols.  (• — 5.0  cP;4 — 3.0  cP; 
1—2.0  cP;  0—1.3  cP;a~I.O  cP; 
D— 0.7  cP). 


Fig. 4  -  Fluorescence  decays  of 
4 . 4 '-d ihydroxyst i  Ibene  in 
glycerol  at  50°C  showing  the 
siraul taneous  Stokes  shift  and 
isomerization  decay. 


different  viscosities.  The  separation  of  the  barrier  from  the  solvent 
effects  has  clearly  failed.  Similar  behavior  is  observed  for  both  t-stilbene 
[2]  and  4 , 4 ' -dimethoxys t i Ibene  (1J.  The  explanation  for  this  failure  lies 
in  the  fact  that  the  isomerization  dynamics  and  the  excited  state  solvation 
dynamics  occur  on  similar  timescales.  Figure  4  shows  the  fluorescence 
decay  profiles  of  4 , 4  ' -dihydroxyst i Ibene  at  two  emission  wavelengths  which 
are  distinctly  nonexponential  early  time  behavior  -  the  long  time  behavior 
is  single  exponential  with  a  wavelength  independent  decay  constant. 

A  consistent  picture  of  the  isomerization  dynamics  in  alcohols  can  be 
given  by  a  consideration  of  three  timescales.  The  first  timescale  is  the 
"laboratory  timescale"  which  is  the  timescale  of  the  measured  fluorescence 
decays  -  1  nsec  to  50  psccs.  The  second  timescale  is  the  "solvation 
timescale"  which  measures  the  time  required  for  the  solvent  to  respond  to  a 
new  dipole  size  or  orientation  -  100  psec  to  1  psec  in  n-alcohois.  These 
relative  timescales  indicate  that  a  fit  of  the  decay  curves  at  long  time 
(when  exponential)  selects  out  of  the  prepared  ensemble  those  solute  mole¬ 
cules  which  are  initially  equilibrated  with  the  solvent.  The  third 
timescale  is  the  "reactive  timescale"  which  is  the  characteristic  time  for 
the  motion  from  reactant  to  product  -  as  measured  by  F(?)  it  is  <1  psec. 
This  last  timescale  suggests  that  the  solute  isomcrizcs  while  the  solvent 
polarization  field  is  out  of  equilibrium  with  the  solute  dipole.  This  view 
suggests  that  the  reaction  coordinate  is  Intimately  coupled  to  the  time 
dependence  of  the  solvents'  polarization  response. 

These  results  underscore  the  importance  of  dielectric  solvent  effects, 
both  static  and  dynamic,  on  chemical  reactions. 
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Dynamics  of  Intramolecular  Electron  Transfer 
in  Viscous  Polar  Solvents 

T.  Okada,  K.  Nakatani,  M.  Hagihara,  and  N.  Malaga 

Department  of  Chemistry,  Faculty  of  Engineering  Science, 
Osaka  University,  Toyonaka,  Osaka  560,  Japan 


1 .  I  nt,  eduction 


Intramolecular  electron  transfer  (ET)  in  the  excited  states  of  compounds 
with  electron  do.ior  and  acceptor  groups  combined  by  spacer  have  beer, 
studied  extensively  ir,  order  to  elucidate  the  effect  of  the  orientational 
motion  of  the  surrounding  solvent  molecules  on  the  ET  process.  The 
compounds  listed  below,  except  3SATK,\  and  ADMA,  have  no  dipole  moment  due 
to  intramolecular  ET  between  two  groups  in  the  initial  state  ot  ET 

reaction,  which  is  the  excited  state  localized  in  pyrene  or  anthracene 
moiety.  We  measured  decay  curves  of  fluorescence  from  the  loca'ly  excited 
(LE)  state  of  pyrene  or  anthracene  moiety  of  these  compounds  m  ,isco-s 
polar  solvents.  The  observed  decay  time  may  correspond  to  the  rate  "r 

intramolecular  ET  in  solution.  The  compounds  examined  here  should  be  ideal 
systems  to  study  the  role  o(  polar  solvent  molecules  in  the  course  o‘  i~ 
reaction,  since  there  is  no  ET  interaction  between  two  groups  ■  r  t‘-e 

initial  state  immediately  after  excitation  arid  the  ET  can  tone  place  very 
easily  when  the  solvent  orientation  is  favorable.  Actually,  the  transient 
absorption  spectra  of  these  compounds  show  the  change  in  the  course  o*  t' 
front  the  S  band  localized  in  pyrene  or  anthracene  part  to  v  •• 

superposition  of  donor  cation  and  acceptor  anion  absorption  bands  '  ' . 

contrast  to  the  system  described  above,  some  compounds  show  gradua !  charge 
of  electronic  structure  induced  by  solvation.  for  example,  t/'e  e  1  ,?■: tr:;r 
structure  of  the  excited  state  of  ADMA,  which  has  a  fairly  large  d'p.'e 
moment  in  the  excited  state  even  in  nonpolar  solvent,  changes  g'adua'ly 
the  course  of  solvation  through  various  states  with  different  degrees. 
charge  transfer  and,  accordingly,  with  different  degrees  of  so’, at1,.',  and 
twisting  angle  between  phenyl  and  anthryl  moieties  (Ij. 


AHiMA  35ATM  ADMA 
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2.  Experimental 

Time-resolved  fluorescence  spectra  and  fluorescence  decay  curves  were 
measured  by  2-dimensional  streak  camera.  The  third  harmonic  of  a 
picosecond  pulse  (355  nm,  25-ps  duration)  generated  by  a  Q-switched  mode- 
locked  Nd:YAG  laser  was  used  for  excitation  of  the  sample.  The 
preparations  of  the  compounds  are  reported  elsewhere  [2].  All  solutions 
for  the  measurements  were  deoxygenated  by  freeze-pump-thaw  cycles  or 
irrigating  w’th  a  nitrogen  gas  stream. 

3,  Results  and  Discussion 

Time-resolved  fluorescence  spectra  of  AHMA  in  1-outanol  is  shown  in  Fig.  1. 
The  LE  fluorescence  detected  at  about  410  nm  was  still  observed  at  6  ns 
after  excitation.  The  LE  fluorescence  observed  at  ns  time  regime  was 
detected  also  in  the  cases  of  A1  and  PI.  The  LE  fluorescence  of  AHMA  in  1- 
butanol  shows  nonexponential  decay  as  indicated  in  Fig.  2.  The  initial 
slope  of  the  LE  fluorescence,  r  is  listed  in  table  1.  The  temperature 
dependence  of  ( jr  of  AHMA  in  1-Butanol  has  been  measured.  The  observed 
activation  energy  of  the  decay  rate  is  much  smaller  than  that  of  viscosity 
of  the  solvent.  The  observed  results  were  summarized  as  follows:  (1)  The 
decay  time  obtained  from  the  initial  slope  of  LE  fluorescence  is 
considerably  shorter  compared  to  the  longitudinal  dielectric  relaxation 
time,  t  .  =  ’q'L./'q*  where  '  ^  is  the  Debye  relaxation  time,  and  (2)  :  r  is 
characteristic  to  each  compound.  (3)  Observed  dpcay  curve  or  LE 
fluorescence  was  nonexponential . 

A  clear-cut  l nterprctat i on  for  the  above  observations  appears  rather 
difficult  at  the  present  stage  of  investigation.  It  seems  to  bp  possible 
that  small  orientational  fluctuations  of  the  polar  group  of  surrounding 
solvent  molecules  may  induce  i ntramol ecu  1 ar  electron  transfer  since  the 
electronic  interaction  between  donor  and  acceptor  in  the  excited  state  is 
reasonably  strong.  In  fact,  we  have  observed  that  ET  takes  place  within 
a  few  ps  for  PI  in  acetonitrile  solution  [3 j.  nevertheless,  the  observed 
result  suggests  that  the  intramolecular  ET  dynamics  of  these  compounds  in 
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Fig.  2.  Semi-logarithmic  plot  of  the  LE  fluorescence  intensity  vs.  delay 
time  in  tne  case  of  AHMA  in  1-butanol. 

Table  !.  Initial  slope  of  the  LE  fluorescence  decay  curve  observed 
for  the  donor-acceptor  combined  systems. 


Sol'  ant 

I-pentanol 

1  -butanol 

A1 

60  ps 

50  ps 

AHMA 

140 

100 

PI 

170 

110 

Pflhl 

115 

80 

PIC 

115 

100 

viscous  alcoholic  solvents  canno t  simply  be  characterised  by  .  .  For  this 
result,  we  suggest  here  the  fol lowing  possible  i nterpreta t 1 ons :  (1) 
contribution  of  solvent  relaxations  with  various  ^  values  to  ET  process 
f 4  I ,  (?)  existence  of  presolvated  state  characteristic  to  each  compound, 
( 3  Icontri bution  of  intramolecular  vibrations  to  ET  process  [5],  and  (4) 
i nhomogenei t l es  in  surrounding  solvent  structures  which  persist  m  ns  time 
scale. 

It  should  be  noted  here  that  there  are  many  donor-acceptor  combined 
systems  with  strong  interactions  between  two  groups  for  which  the  usual 
theoretical  treatments  are  not  necessarily  valid.  For  example,  the  time- 
resolved  fluorescence  spectra  of  ADMA  obtained  by  the  present  measurements 
showed  gradual  red  shift  with  increase  of  the  delay  time  after  excitation, 
which  might  be  ascribed  simply  to  the  stabi 1 ization  of  a  )arge  dipole  of 
excited  ADMA  in  the  course  of  solvation.  However,  the  electronic  charge 
distribution  between  donor  and  acceptor  groups  in  this  molecule  depends 
strongly  upon  the  degrees  of  solvation  as  revealed  by  the  time-resolved 
transient  absorption  spectra  fl|,  leading  to  the  gradua 1  change  o‘  the 
dipole  moment  of  the  excited  state  in  the  course  of  solvation. 

In  view  of  the  above  results,  it  is  of  crucial  importance  to  measure 
both  the  time-resolved  transient  absorption  spectra  and  the  time- 
resolved  fluorescence  spectra  for  the  elucidation  of  the  mechanisms  of  the 
intramolecular  ET  or  charge  transfer  processes  of  the  cc.iposite  systems 
with  combined  electron  donor  and  acceptor  groups. 
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1.  Introduction 


The  influence  of  the  solvent  on  photoinduced  intramolecular  charge  transfer 
and  isomerization  has  attracted  considerable  interest  during  the  last  few 
years  1 ..  The  trans-cis  photoisomerization  efficiency  of  styrenes  depends 
largely  upon  the  ability  of  the  substituents  to  donate  or  accept  an  electron 
as  well  as  on  the  solvent  polarity  2  .  We  present  recent  picosecond  fluores¬ 
cence  and  absorption  results  which  provide  a  detailed  understanding  of  the 
photophysical  and  photochemical  behaviour  of  the  largely  used  laser  dye 
4-dicyanomethylene-2-methyl-6-p-dimethyl-amino-styryl-4H-pyran  (DCM)  3  , 

2.  Results  and  discussion 

Fluorescence  lifetimes  were  measured  via  the  time  correlated  single  photon 
counting  technique  using  as  exciting  light  the  tunable  picosecond  laser 
pulses  from  a  cavity  dumped  dye  laser  synchronously  pumped  by  the  second 
harmonic  of  a  cw  mode-locked  Nd-VAG  laser.  The  picosecond  absor'-Hon  study 
was  performed  using  532  nm  excitation  by  a  single  laser  pulse  «'  ps  dura¬ 
tion)  and  a  continuum  of  white  light  as  analyzing  source. 

The  DCM  spectral  properties  are  remarkable  as  regards  to  the  weak  over¬ 
lap  between  its  absorption  and  emission  spectra  which  both  show  important 
red  shifts  with  increase  of  the  solvent  polarity.  The  Stokes  shift 
of  the  fluorescence  spectra  with  respect  to  the  absorption  spectra  whTctr  is 
linearly  related  to  the  polar  solvents  :.f  value  according  to  the  Lippert 
and  Mataga  theories  indicates  a  large  dipole  moment  increase  (.\p  =  20.2  D) 
in  the  first  excited  singlet  state  and  an  increased  intramolecular  charge 
transfer.  In  order  to  evidence  this  intramolecular  charge  transfer,  the 
resulting  solvent  cage  relaxation  and  the  possible  formation  of  a  twisted 
intramolecular  charge  transfer  state  { T I CT )  the  fluorescence  profiles  of 
DCM  in  various  polar  solvents  (dimethylsulfoxide,  methanol,  acetonitrile 
and  chloroform)  were  analyzed.  In  dimethylsulfoxide,  the  fluorescence  decay 
at  620  nm  was  very  well  fitted  using  a  monoexponential  law  (  =2. 25*0. 01ns) 
(Figure  la).  In  methanol,  a  poor  fit  was  obtained  with  a  single  exponential 
decay  (Figure  lb)  but  fitting  the  decay  curve  with  a  sum  of  two  exponential 
decays  gave  good  ,2  and  Durbi n-Watson  (DW)  parameter  values.  The  long  life¬ 
time  is  i .=( 1 .37*0.03)ns,  the  short  lifetime  is  t~=(0. 35*0.17)0$  (Figure  2) 
and  the  relative  amplitudes  are  93  and  7  percent  respectively.  A  similar 
behaviour  was  observed  in  acetonitrile  and  chloroform. 

-4 

Excitation  of  a  2  x  10  M  DCM  solution  in  dimethylsulfoxide  gave  a  strong 
absorbance  previously  attributed  to  the  first  singlet  excited  state 
(■max  =  450-460  nm)  |3d|.  The  time  profile  of  the  460  nm  absorbance  shows  an 
initial  increase  which  follows  closely  the  integration  of  the  pulse  shape 
given  by  the  460  nm  photobleaching  and  absorption  recovery  of  a  methanol  ic 
solution  of  pseudoisocyanine  iodide  (PIC)  and  a  slow  decay  -  2.2  ns  similar 
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The  decay  time  measured  in  DMSO  belongs  therefore  to  a  solvent  relaxed  pla¬ 
nar  fluorescent  state.  The  two  decays  observed  in  methanol,  acetonitrile  and 
chloroform  are  attributed  to  the  fluorescent  states  of  the  two  DCM  trans-cis 
isomers.  The  cis-isomer  results  from  a  trans-cis  equilibrium  in  ambient  light 
and  has  the  shortest  decay  time  as  expected  from  the  steric  hindrance  which 
inhibits  the  planeity  and  rigidity  of  the  molecule  favouring  thereby  internal 
conversion  and  intramolecular  rotation.  Our  nanosecond  laser,  NMR  and  HPLC 
studies  corroborate  the  existence  of  a  trans-cis  conversion  more  efficient 
in  chloroform  J 3c  .  The  large  dependence  of  the  trans-isomer  fluorescence 
lifetime  in  the  non  viscous  polar  solvents  under  study  and  the  observed  dif¬ 
ferent  photoisomerization  efficiencies  cannot  be  described  by  the  Kramer's 
theory  with  a  hydrodynamic  model  for  the  friction  1  and  suggest  that  the 
solvent  polarity  which  strongly  affects  the  S,  energy  surface  might  induce 
an  important  modification  of  the  barrier.  Because  the  dipole  moment  of  the 
trans-isomer  is  expected  to  be  larger  than  that  of  the  cis-isomer,  due  to 
the  larger  distance  between  the  opposite  charges,  the  excited  trans-isomer 
is  more  stabilized  in  polar  solvents  than  the  excited  cis-isomer.  Moreover 
in  polar  solutions,  when  the  torsional  motion  is  accompanied  by  charge  trans¬ 
fer,  the  potential  energy  surfaces  in  the  ground  and  first  excited  states 
present  local  minima  at  the  perpendicular  geometry  4  which  lowers  the 
barrier  between  tne  fluorescent  state  and  the  perpendicular  state.  Besides 
the  solvent  polarity,  specific  interactions  such  as  hydrogen  bonding  may 
be  responsible  for  the  change  of  the  barrier  energy.  Indeed  H-bonding  in 
protic  solvents  is  expected  to  induce  some  decrease  in  the  amiiiu  ione  pair 
electron  delocalization,  decreasing  thereby  the  double  bond  character  of  the 
ethylenic  bond  of  stilbenes  substituted  by  amino-groups  5  .  The  absence  of 
DCM  photoisomerization  in  aprotic  dimethyl sul foxi de  can  be  explained  by  a 
stronger  double  bond  character  inhibiting  the  torsional  motion.  Therefore, 
the  observed  lowering  of  the  S-(  state  in  dimethyl  sul  foxide  3d  ,  and  that  of 
the  perpendicular  state  are  not  decisive  but  the  height  of  the  energy  bar¬ 
rier  related  to  the  double  bond  character  and  affected  by  H-bonding  in  pro- 
tic  solvents  plays  a  major  role  in  the  trans-cis  photoconversion.  This 
property  explains  the  more  efficient  laser  action  of  DCM  in  dimethyl sul foxi de . 
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1  INTRODUCTION 

Electrons  produced  by  the  ionization  process  in  organic  liquids  usually 
form  transient  charge  pairs.  Parent  molecular  ions  and  their  associate'! 
electrons  are  highly  correlated  and  move  randomly  under  the  influence  of 
mutual  Coulomb  attraction.  The  fate  of  the  geminate  ion  pairs  is  considerea 
to  be  determined  by  the  diffusion  in  the  Coulomb  field,  which  is  des'ribed 
by  Smoluchowski  equation.  Many  investigations  have  boon  dene  ■ n  radiation 
chemistry  but  the  time  resolution  of  those  studies  was  rather  poor  a"j 
therefore  the  earliest  stage  of  the  charge  recombmui  ion  remains  obscre. 
Although  the  photochemical  studies  in  such  field  were  few[l],  they  should 
provide  important  knowledge  for  the  ultrafast  geminate  recombination 
phenomena  because  of  their  very  high  time  resolution.  In  this  resoect,  we 
have  investigated  the  multiphoton  ionization  and  suusequent  charge 
recombination  process  for  aminopyrene  and  pyrene  in  several  hydrocarbon 
solvents. 

2  AMINOPYRENE 

Figure  1  shows  the  time  resolved  absorption  spectra  of  aminopyrene  in 
decal  in.  At  100  ps  after  the  laser  pulse  excitation,  the  absorption  band 
peaked  at  520  nm  was  observed,  which  can  be  assigned  to  the  S 

transition  of  aminopyrene.  Only  at  quite  short  delay  times  was  the  addit¬ 
ional  transient  absorption  observed  around  430  nm,  which  should  be  ascribed 
to  the  cation  radical  of  aminopyrene.  Reducing  the  excitation  laser 

intensity  by  a  factor  of  4,  the  cation  band  became  quite  weak  as  shown  by 
dot  in  Fig.  1.  Therefore,  we  can  conclude  that  the  cation  radical  is  formed 
by  multiphoton  ionization  (probably  two-photon  ionization).  The  time 
dependence  of  transient  absorbance  measured  at  480  nm  is  displayed  in  Fig. 
2  (open  circle).  Rapid  decrease  of  the  transient  absorbance  is  followed  by 
a  quite  slow  one.  The  latter  is  mainly  due  to  the  decay  of  the  S-|  state, 
while  the  former  should  correspond  to  the  geminate  charge  recombination.  By- 
subtracting  the  long  lived  component,  the  short  lived  one  is  shown  by- 
closed  circles.  Its  decay  is  quite  rapid  and  the  lifetime  seems  to  be  less 
than  the  pulse  width  of  the  excitation  laser  (25  ps).  Assuming  that  the 
distribution  of  the  initial  therma 1 i zat ion  length  of  the  ejected  electron 
is  given  by  6-furction  at  Rg,  we  have  simulated  the  decay  curve  for  several 

RgS  by  using  the  time  dependent  Smoluchowski  equation  m  a  Coulomb 

potential,  the  analytical  solution  of  which  was  given  by  Hong  and 
fJoolandi[2J.  The  decay  curve  strongly  depends  on  the  Rg  and  we  have 
obtained  the  value  of  30-40  A  by  simulation. 

By  adding  benzonitrile  as  an  electron  scavenger,  the  dt-'a;-  time  of  the 
cation  band  increased.  The  yield  of  the  cation  radical  increased  with 
increasing  coi. contra*  ion  of  benzonitrile.  These  results  suggested  that  the 
electron  was  trapped  by  scavenger  and  *his  rauced  Hie  drastic  decrease  of 
the  mobility  or  the  negative  charge.  In  isooctane  the  yield  of 
photoionization  seemed  high  and  we  can  estimate  the  Rg  from  the  dependence 
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Fig.  2.  Time  dependence  of  the 
transient  absorbance  measured  at 
480  nm  and  expected  decay  curves  of 
geminate  ion  pairs  of  several  initial 
separations.  The  unit  of  time  is  r  /4D 


Fig,  1.  Picosecond  time  resolved  absorption  spectra 
of  aminopyrene  in  t-decalin.  Delay  times  after  the 
laser  excitation  are  indicated 


of  the  yield  of  trapped  electron  on  the  concentration  of  the  scavenger] 3 j . 
The  Rq  estimated  in  this  manner  was  40  50  A  which  was  slightly  larger  than 
that  obtained  from  the  decay  curve  measurements  in  t-deealin  without 
electron  scavenger.  In  radiation  chemistry  larger  RqS  are  obtained, 
although  most  of  them  are  obtained  for  the  anion-cationu  geminate  pairs 
formed  by  the  electron  and  hole  transfer[4).  The  shorter  separation  we 
obtained  should  be  explained  as  follows.  Since  in  the  present  case  the 
excitation  energy  was  much  less  than  that  of  the  electron  pulse  excitation 
used  in  radiation  chemistry,  t.he  ejected  electron  should  have  less  energy 
and  be  thermal ized  near  the  parent  molecule.  The  measurements  of  the 
excitation  energy  dependence  of  R~  are  urgently  desirable,  which  should 
give  the  detailed  elucidation  ot  the  photoionization  processes  in 
solution. 

The  Rq  obtained  from  the  scavenger  experiments  may  be  slightly  larger 
than  that  from  the  direct  measurements  of  electron-cation  pairs  because  it 
is  difficult  to  scavenge  electrons  formed  in  the  proximity  to  the  parent 
cation,  which  should  recombine  rapidly.  The  difference  between  the  R,  value 
of  30-40  A  and  40-50  A  may  be  explained  in  this  manner,  althoughU  these 
experiments  were  done  in  different  solvents. 

3  PYRENE 

Figure  3  shows  the  picosecond  time  resolved  absorption  spectra  of 
pyrene/benzomtri  le  in  cyclohexane  solution  excited  at  355  nm.  The  bangs  of 
the  pyrene  cation  radical  and  absorption  of  pyrene  were  observed.  The 
measurements  of  the  excitation  intensity  dependence  clearly  showed  that,  the 
ionization  was  multiphoton  process.  Although  in  the  spectra  at  short  delay 
times  the  cation  band  was  rather  clear  compared  with  those  at  long  delay 
times,  the  contribution  of  the  cation  band  was  large  even  at  delay  times 
longer  than  1  ns.  The  cation  band  showed  rapid  decay  in  hundreds  of 
picosecond  region,  while  the  decay  seemed  in  a  few  nanosecond. 


563 


A.  (nm) 


Fig.  3.  Picosecond  time  resolved  absorption 
spectra  of  the  pyrene/benzom tri le  in  cyclohexane 
system.  Delay  times  after  the  laser  excitation  are 
indicated  in  the  figure 


By  using  the  mobility  of  typical  molecular  ions  and  the  initial 
separation  of  40-50  A,  we  have  estimated  that  the  geminate  recombination 
should  occur  in  more  than  10  ns.  Therefore,  the  decay  of  the  cation  band 
should  not  be  prominent  in  our  measurements.  If  we  use  shorter  separation 
the  decay  may  occur  in  less  than  nanosecond,  while  the  dissociation  yield 
become  quite  low  and  leading  to  a  quite  low  cation  yield  at  5  ns.  These 
results  strongly  suggest  that  the  photoionization  process  in  solution  is 
not  so  simple  as  it  was  believed.  At  least  two  mechanisms  should  be 
involved  there.  One  may  be  quite  similar  to  that  observed  in  radiation 
chemistry,  although  the  initial  separation  depends  on  the  excitation 
energy.  The  other  is  the  electron  transfer  from  the  highly  excited  neutral 
state  to  the  electron  acceptor,  which  will  be  observed  only  for  the  system 
of  high  concentration  of  electron  scavenger  because  of  very  short  lifetime 
of  such  excited  state.  The  latter  was  actually  observed  by  us  for  the 
pyrene/biphenyl/isooctane  system[5].  In  the  present  case  the  former 
correspond  to  the  long  lived  component  and  the  latter  to  the  short  lived 
one. 
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In  the  present  work,  by  the  methods  of  picosecond  spectro¬ 
scopy  the  influence  has  been  studied  of  the  solvent  polarity, 
the  type  of  the  substituent  in  the  BP  molecule  and  the  type  of 
the  hydrogen  donor  on  the  dynamics  and  mechanisms  of  charge 
transfer  (CT)  and  ketyl  radical  formation.  The  results  are  pre¬ 
sented  of  the  investigations  of  intramolecular  and  interinole- 
cular  charge  transfer  for  benzophenone  and  4-dimethylaminoben- 
zophenone.  As  hydrogen  donors,  aromatic  ( N, N-diethylaniline, 
DEA)  and  aliphatic  (tricthylamine,  TEA)  amines  have  been  used. 

In  experiments  an  automated  laser  spectrometer  was  used 
£l^  .  The  molecules  being  investigated  were  excited  by  third- 
-harmonic  single  pulses  from  mode-locked  Nd: glass  laser  (/Lp  = 

6  ps,  A  eXc  =  352  nm,  =  0.5  mj).  As  the  probe  the  wide¬ 

band  picosecond  continuum  was  used. 

I.  Fig. 1  shows  transient  absorption  spectra  for  the  BP+TEA 
system  in  acetonitrile  at  different  time  delays  6  between 
the  exciting  and  probing  pulses.  At  ©  =  20  ps  the  absorption 

spectrum  of  the  two-component  system  involved  coincides  with 
the  spectrum  of  Ti£-»T*  absorption  of  pure  BP.  For  0  =  500  ps 

the  transient  absorption  spectrum  of  the  system  involved  coin¬ 
cides  with  the  spectrum  of  Dq-> ketyl  radical  absorption. 

With  0  from  20  ps  to  5°0  ps  no  new  absorption  bands  appear  in 
the  ~  660  -  710  nm  region  where  the  anion-radicals  of  BP  ab- 
sorp.  This  is  direct  evidence  that  in  this  case  the  hydrogen 
atom  is  transferred  as  a  unit  and  the  ketyl  radical  is  formed 
directly  in  the  encounter  complex  of  triplet-state  BP  molecules 
and  unexcited  TEA  molecules  (one-stage  mechanism). 

For  the  BP+DEA  system,  along  with  the  one-stage  mechanism, 
new  mechanisms  of  ketyl  radical  formation  manifest  themselves. 
As  seen  from  Fig. 2  the  transient  absorption  spectrum  of  this 
binary  system  in  acetonitrile  (  £-  =  37)  and  hexane  (  £^  =  1.4) 
at  0  =  20  ps  is  a  superposition  of  the  absorption  spectra  of 
anion-radicals  BP~  (^kmax  =  700  nm),  cation-radicals  DEA 
(*max  “  480  nm)  and  Tj-^Tj*  BP  absorption.  This  points  to  the 
fact  that  for  the  system  involved  the  photoreduction  of  BP  has 
two  stages,  the  electron  transfer  with  the  formation  of  an  ion- 
-radical  pair  taking  place  at  the  first  stage.  The  characteris¬ 
tic  rise-time  of  the  optical  density  of  ion-radical  absorption 


Springer  Series  in  Chemical  Physics,  Vol.48:  Ultrafast  Phenomena  VI 
Editors:  T.  Yajiina*  K.  Yoshihara  •  C.B.  Harris  •  S,  Shionoy a 
©  Springer- Veriag  Berlin  Heidelberg  1988 


565 


Fig. 1 . Transient  absor¬ 
ption  spectra  of  the 
BP  (C  =  10~2  M)+TEA 
(C  =  1  M)  system  in 
acetonitrile:  1-0= 

=  20  ps;  2  -  8  =  5 00  ps 


Fig. 2.  Transient  absor¬ 
ption  spectra  of  the 
BP+DEA  (C  =  1  M)  sys¬ 
tem  in  hexane  (l)  and 
acetonitrile  (2): 
a  -  0  =  20  ps; 
b  -  0  =  400  ps; 
c  -  Q  =  16OO  ps 


in  the  spectral  regions  of  X  max  =  4S0  and  ?20  nm  turned  out 
to  be  shorter  than  5  ps.  Such  fast  formation  of  CT  states  is 
surprising  from  the  point  of  view  of  the  commonly  accepted 
ideas  about  the  participation  of  triplet-state  BP  molecules 
(the  characteristic  time  of  intersystem  crossing  for  BP  in 
dences  that  at  the  DEA  (C  =  1  M)  concentrations  used  the  part 
of  unexcited  BP  molecules  forms  a  weak  complex  with  DEA. 

Further  evolution  of  the  present  binary  system  in  a  polar 
and  a  nonpolar  solvent  proceeds  differently.  In  a  polar  sol¬ 
vent  acetonitrile  the  excited  CT  complex  dissociates  into  ion- 
-radicals.  The  ketyl  radical  formation  in  this  case  occurs  in 
a  time  of  about  1600  ps  at  collision  of  the  anion-radical  BP” 
and  the  cation-radical  DEA+.  By  this  time  the  integrated  spec¬ 
trum  represents  a  superposition  of  the  absorption  bands  of  the 
ion-radicals  BP”,  DEA^"  and  the  ketyl  radical -BP-H.  In  nonpolar 
hexane,  a  ketyl  radical  is  formed  at  proton  transfer  in  the 
excited  CT  complex  (cxciplcx).  The  proton  transfer  rate  in  the 
excited  complex  estimated  by  the  disappearance  of  the  BP”  ion- 
-radical  absorption  turned  out  to  be  K  =  2.9‘lO^s"1. 
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Fig.'.  Transient  absor¬ 
ption  spectra  of 
DMA BP  (C  =  10"2  M)  in 
acetone  (  1  -©=20  ps) 
and  pentane 
=  ISO  ps) 


(2  -  0s 


II.  Earlier  it  was  assumed  that  the  attachment  of  aminoal- 
cyl  groups  to  4  position  of  BP  molecule  must  suppress  the  pho¬ 
toreduction  of  BP  Fig. 3*  shows  transient  absorption  spec¬ 

tra  for  4-dimethylaminobenzophenone  (DMABP)  in  pentane  (  £.  s 
=  1.84)  and  acetone  (  £_  =  20.7).  In  nonpolar  solvent,  the 
transient  absorption  spectrum  is  a  superposition  of  the  T* -^T* 
absorption  of  BP  (  =  530  nn>)  and  the  absorption  from 

the  CT  state  ( X  max  =a&90  nm)  . 

The  transient  absorption  spectrum  of  DMABP  in  acetone  is 
a  relatively  narrow  band  ( Xmax  =  460  nm)  and  corresponds  to 
the  absorption  spectrum  of  twisted  intramolecular  charge  tran¬ 
sfer  (TICT)  states  in  polar  solvents  C3}. 

The  differences  between  the  two  types  of  CT  states  of  a 
DMABP  molecule  appear  as  differences  in  the  formation  and  de¬ 
activation  rates  of  these  forms.  The  formation  time  of  the 
TICT  state  is  shorter  than  5  ps,  and  the  time  of  its  deactiva¬ 
tion  depends  on  the  solvent  polarity  and  is  equal  to:  L  =320 
ps  for  acetonitrile,  't  =  450  ps  for  acetone,  ^  =  890  ps  for 
diethyl  ether.  In  nonpolar  solvent,  the  process  of  CT  state 
formation  is  accomplished  for  300  ps.  The  decrease  in  the  rate 
of  CT  state  formation  in  a  nonpolar  solution  is  likely  to  be 
due  to  the  smaller  probability  of  intramolecular  detaclunent  of 
an  electron  at  W -*"n  *  excitation  as  against  the  probability  of 
TICT  state  formation  at  ^  U  ^excitation  in  polar  solvents. 


Ref  erenccs 

1.  N.A.Lysak,  S. V.Melnichuk,  S. A. Tikhomirov,  G. B. Tolstorozhev: 
Zh. Prikl .  Spelctrosk.  47,  267  (  1987) 

2.  N.J.Turro:  Molecular  Photochemistry  (W. A. Benjamin,  Inc., 

New  York,  Amsterdam  1965) 

3.  C.Rullicre,  Z.R. Grabowski,  J.Dodkowski:  Chcm. Phy s. Lett . 

137,  408  (1987) 


Electron  Transfer  Rates  in  Covalently  Linked 
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1.  Introduction  :  Covalently  linked  energy/electron  donor-acceptor 
systems  are  important  components  for  directed  energy /e lec tron  flow  in 
molecular  devices  for  harvesting  solar  energy.  Several  electron  donor- 
acceptor  ( D-A)  systems  containing  porphyrin/metalloporphyrin  and  polv- 
nitrobenzetie  were  synthesized  in  which  the  D-A  distance  varies.  The 
electron  transfer  rates  when  the  donor  is  in  the  singlet  excited  state 
were  determined  in  several  solvents. 


2.  Experimental  :  The  details  of  the  synthesis  of  the  covnlentlv  linked 
molecules  are  given  elsewhere/ 1 / .  In  all,  twelve  molecules  were  synthe¬ 
sized  and  these  are  labelled  as  follows  :  D-p-A,  D-m-A  and  D-o-A  where  D 
is  either  t et raphenv Iporphvrin  <TPP)  or  Zinc  tetrapUenylporphvrin  (ZnTPP) 
and  A  is  either  2,4-dinitrobenzene  (DNB)  or  2,4,0-trinitrobenzene  (TNB). 
p,m,o  refer  to  the  point  of  attachment  of  A  in  the  meso  phenyl  group  of 
D,  and  the  linkage  between  D  and  A  is  made  through  an  oxvgen  atom  (ether 
linkage).  The  synthesized  molecules  were  purified  by  column  chromato¬ 
graphy,  The  solvents  (toluene,  CHCl^,  CH^OH,  CH^CN  and  propylene 
carbonate  (PC))  used  were  fluorescence-free,  analar  or  spectrograde 
quality.  Fluorescence  decay  profiles  were  obtained  by  picosecond  laser 
excited  time-correlated  single  photon  counting  method.  A  detailed 
description  of  the  experimental  set-up  is  given  el sewhere ' 2  '  .  The 
analysis  of  fluorescence  decay  data  to  fit  a  single  or  multi-exponential 
function  was  done  by  the  non-linear  least-squares  method  using  iterative 
reconvolution  and  ,'larquardi  procedure  for  the  optimisation  of  parameters. 


3  Results  and  Discussions  :  The  fluorescence  of  ZnTPP  (7  varying  from 
1.62  to  2.07  ns  in  different  solvents)  is  efficiently  quenched  bv  2,4,6- 
trinitro  toluene  (TNT)  in  intermolerular  reactions.  The  quenching  rate 
coefficients  are  1.4x10  '1  s  (CHC1  )  and  3.6x10  '1  s  (PC),  which 
are  slightly  higher  than  the  diffusion-limited  bimolecular  rate  constant, 
k  (=  8  RT/ 3000  0  )  at  25°C.  The  fluorescence  quenjjhin^  oj  ZnTPP  bv  m- 
dinittjjben^en^  is  slightly  less  efficient  :  9.1x10  '!  s  (CHClj)  and 
3.3x10  M  s  (PC).  The  fluorescence  quenching  of  TPP  (r  varying  from 
8.0  ns  to  10.9  ns  in  the  different  solvents)  trinitrotoluene  and 
m-dinitrobenzene  are  even  less  efficient  :4.5xl0  M  ‘s  for  TPP-TNf  in 
CHCl^  and  3.2x10  M  s  for  TPP-DNB  in  CHC1  .  The  above  results  are  in 
agreement  with  the  variation  of  free  energy  change, t  G  ,  calculated  based 
on  electron  transfer  mechanism  using  the  redox  potentials  (Vs  BCE)  for 
ZnTPP  (0.81  V),  TPP  (1.06  V),  DNB  (-0.93  V)  and  TNT  (-U.85  V)  measured  in 
CH  Cl  ,’3/  . 

The  fluorescence  decay  of  the  covalently  linked  molecules  were 
fitted  to  one  or  two-exponential  decay  functions  which  are  generally 
adequate  for  all  cases,  except  a  few.  The  observation  of  a  short- 
lifetime  component  (in  picoseconds)  with  a  significant  amplitude  is 
associated  with  the  existence  of  conformations  of  the  covalently  1  inked 
molecule  which  are  favourable  for  electron  transfer. 
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The  fluorescence  decay  data  of  ZnTPP-p,ra,o-DNB  systems  showed  the 
presence  of  the  short  lifetime  component  in  all  the  solvents.  The 
lifetime  of  the  short  component  varied  from  90  ps  (CH^OH)  to  150  ps  (PC) 
for  ZnTPP-o-DNB  in  polar  solvents,  whereas  the  lifetime  of  the  lon>; 
component  (identified  with  the  unreacLed  extended  form  of  the  molecule) 
is  in  nanoseconds  (1.97  ns  CH^OH  and  2.02  ns  in  PC).  Figure  1  shows  the 
fluorescence  decay  of  ZnTPP-o-DN'B  in  CH^OH,  along  with  the  results  of  the 
fitting.  The  short  lifetime  is  associated  with  the  efficient  electron 

transfer  reaction  and  ‘he  electron  transfer  rate  (k  )  was  calculated 
, ,  , .  et 

using  eqn.  ( 1  ): 

k  =  T  -  T  71  (  1 ) 

e  t  s  1 

where  7  is  the  lifetime  of  the  long  component  and  t  in  that  of  the 
short  component.  The  v„iues  of  k  are  given  Table  1  for  ZnTPD  systems 
in  all  the  solvents. 


Table  .  :  Electron  transfer 
solvents 

rate  (  10 

-9 

k  , 
et 

sec  1 )  for 

ZnTPP-A  i 

Solvent 

Mol  ecu  1  e 

Toluene 

CHCl^ 

CH^OH 

ch3cn 

PC 

ZnTPP-p-DNB 

0.5 

2 . 7 

2 . 9 

1 .  7 

2.4 

ZnTPP-m-DNB 

0.65 

4.  1 

3.2 

2.0 

2.0 

Zn"DP-o-DNB 

3.2 

8.5 

1  1 

9.5 

6.2 

ZnTPP-p-TNB 

0.42 

0.37 

1.0 

0.63 

2.9 

ZnTPP-m-TNB 

0.27 

0.30 

0.  ;4 

0.60 

0.5  6 

ZnTPP-o-TNB 

0.33 

0.1  5 

0.08 

0.21 

0.18 
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Fig.  2  :  Fluorescence  decay  curves  of  ZnTPP-p-A  (A  *  DNB,  TN3)  in  CH.CN. 

The  excited  stat._  electron  transfer  in  ZnTFP-p,m,o-TN’B  systems  was 
not  as  efficient  as  in  the  corresponding  DNtf  system  in  all  the  solvents 
with  the  possible  exception  of  ZnTPP-p-A  in  PC.  Figure  2  shows  the 
fluorescence  decays  of  ZnTPP-p-A  (A  =  DNB  and  i’NB)  system  in  CH^CN.  The 

k  values  for  TNB  systems  are  in  general  lower  than  those  of  the 
c  t 

corresponding  DNB  systems  (Tabic  1). 

Frr  TPP-p,m-A  systems  no  short-lifetime  component  was  observed  in 
all  the  solvents  indicating  the  absence  of  efficient  electron  transfer. 
However  for  TPP-o-A  systems  short -1 i f ei ime  component  (the  lowest  value  in 
OH  OH  is  360  ps)  was  observed. 

The  values  of  k  tabulated  in  Table  1  revet]  two  features.  (1)  The 
value  of  k  is  uniformly  higher  for  ZnTPP-DNB  svstem  than  that  of  the 
equivalent  T.B  system  in  all  the  solvents.  (2)  The  values  > f  k  are 
seen  to  ho  in  the  order  of  -o >  -m  •  -p  for  ZnTPP-DNB  system  whereas  fr>; 
ZnTPP-TNL  system  the  trend  is  that  -p >  -m>  -o.  The  trend  observed  for 
the  ZnTPP-TNB  systems  is  at  variance  with  the  general  expectation  that 
(i)  k  incr rises  with  decreasing  distance  between  the  donor  and 
acceptor,  and  (ii)  k  increases  with  the  decrease  in  *  he  reduction 
potential  of  the  acceptor  except  in  the  ' invert wG*  region. 
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Green-plants  and  bacterial  photosynthetic  organisms  employ  closely  associated 
tetrapyrrole  pigments  as  carriers  of  photons  and  electrons.  The  recent  X-ray 
analysis  of  the  photosynthetic  reaction  center  from  two  photosynthetic  bacteria 
have  shown  that  photo-active  pigments  are  held  in  carefully  controlled  arrange¬ 
ments  that  optimize  the  efficiency  of  photon  or  electron  transfers .( 1  ) 

A  useful  approach  to  study  the  primary  events  of  natural  photosynthesis  is 
to  synthesize  model  compounds  with  known  distances  and  orientations  and 
elucidate  the  geometrical  dependence  of  energy  or  electron  transfer  process. 

Now  we  wish  to  report  here  the  synthesis  of  a  series  of  conformational ly 
restricted  dimeric  porphyrins  bridged  by  naphthalene  or  spi ro-bi i ndane  spacer. 
In  these  dimeric  porphyrins,  the  two  porphyrin  rings  are  rigidly  fixed  in  a 
certain  geometry  by  the  combined  steric  restrictions  of  the  spacer  and  the 
flaking  ethyl  groups.  Spi ro-bi indane  spacers  were  employed  with  an  aim  to 
mimicking  twisted  relative  orientations  of  chromophores  such  as  hemes  and 


Diporphyrin  model  compounds  were  synthesized  from  the  corresponding 
aryl  dialdehydes  by  the  method  of  Chang. (2)  Bis-zinc  and  mono-zinc  complexes 
of  these  diporphyrins  were  synthesized  by  the  reaction  with  zinc  acetate  in 
dichloromethane  and  purified  by  flash  column  chromatography.  The  absorption 
spectra  of  l-NP(Zn)  and  2-NP(Zn)  showed  a  Soret  peak  at  405.5  nm  and  Q-bands 
at  532.5  and  570  nm  in  dichloromethane.  All  bis-zinc  complexes  of  naphthalene- 
bridged  dimeric  porphyrins  (NDP)  showed  split  Soret  bands,  but  the  shape  and 
peak  position  of  these  dimers  were  unchanged  relative  to  l-NP(Zn),  except  for 
1  , 3- NDP ( Zn2 )  and  1 ,4-NDP ( Zn2 ) ,  which  showed  Q-bands  at  538  and  573  nm. 

While  the  head-to-tail  dimer  2,6-NDP(Zn2)  displayed  a  mainly  rpd-shifted 
Soret  band  at  412  nm,  the  face-to-face  dimer  l,8-BDP(Zn2)  displayed  a  blue- 
shifted  Soret  band  at  388  nm.  Interestingly,  the  relative  intensities  of 
the  split  Soret  bands  changed  depending  upon  the  dihedral  angle  of  the  two 
porphyrin  rings.  (Fig,  1)  A  plot  of  the  dipole-dipole, exciton  energy  ('C) 
vs.  the  geometrical  parameter,  2(cosu  +  3coS'  lcosh2)/r  ,  showed  a  good 
linear  correlation  between  the  two  quantities.  (Fig.  2)  From  the  slope, 

''•?  magnitude  of  the  transition  dipole  moment  of  the  monomer  effective  for 
tne  exciton  coupling  was  determined  to  be  7.9  D.  This  is  in  good  agree- 
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Fig.  1.  Absorption  spectra  of  NP(Zn)  and  NDP ( Zn2 )  in  CH^Cl^. 

ment  with  the  value  (9.7  D)  of  the  transition  dipole  moment  of  the  monomer, 
which  is  calculated  from  the  absorption  spectrum  of  l-NP(Zn).  These  results 
indicate  the  appropriateness  of  the  treatment  of  the  simple  exciton 
theory  for  this  covalently  linked  system  in  solution. (3) 

As  was  reported  in  zinc-porphyrins  (Zn-P)  covalently  bound  to  metal -free 
porphyrins  (H2-P)  with  more  flexible  linkages  (A),  the  intramolecular 
singlet  excitation  energy  transfer  from  Zn-P  to  H2-P  was  observed  in  mono¬ 
zinc  complexes  of  these  dimeric  porphyrins.  The  rate  of  the  energy  transfer 
(ke)  were  determined  by  measuring  fluorescence  decays  (xem  580  nm)  of  the 
Zn-P  as  well  as  fluorescence  rises  ( a eni  690  nm)  of  the  H2-P,  using  the  pico¬ 
second  time-resolved  fluorescence  spectroscopy . (5)  Notably,  all  these  mono¬ 
zinc  complexes  exhibited  a  single  decaying  component  (4.9  -  197  ps),  indicating 
that  the  singlet  excited  states  of  the  Zn-P  are  quenched  by  the  H2-P  through 
single  conformation.  This  situation  permits  us  to  analyze  the  geometry- 
dependence  of  the  rapid  intramolecular  energy  transfer  process.  Taking 
the  radiative  lifetime  of  l-NP(Zn)  (1.5  ns,  tn),  we  can  calculate  the  rate  of 
energy  transfer,  ke,  from  the  equation,  ke=l/V  -  1/tq.  These  rates  were 
in  good  agreement  with  the  value  calculated  from  theuf luorescence  rise  of 
the  H2-P.  (Table  1). 
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Fig.  2.  Plot  of  exciton 
coupling  energy  '.E  vs  geometrical 
parameter,  2(cost  +  3cos  "Icos -2)/ 


Table  1.  Intramolecular  Excitation  Energy  Transfer  from  Zn-P  to  H2-P. 


porphyrin 

tf  (Zn-P)a 
(ps) 

ke 

(x  10~10s' 

ir(H2-P)b 
])  (ps) 

ke 

(x  10'10S_1 ) 

1,8-ADP 

4.9 

20 

8.8 

11 

1  ,3-NDP 

14 

7.0 

23 

4  4 

1 ,4-NOP 

19 

5.2 

29 

3.5 

1 ,5-NDP 

19 

5.2 

31 

3.2 

1 ,6-NDP 

28 

3.5 

33 

3.0 

1  ,6-NDP' 

22 

4.5 

33 

3.0 

1,7-NDP 

14 

7.0 

28 

3.5 

2 ,6-NDP 

45 

2.2 

45 

2.2 

2,7-NDP 

36 

2.7 

47 

2.1 

a.  Fluorescence 

lifetimes  of 

Zn-P.  b. 

Fluorescence  rise 

times  of  H2-P. 

c,  Measured  in 

air-saturated 

CH^Cl g  at 

.  25°C. 
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J_.  Introduction 

Ultrafast  absorption  and  Raman  spectroscopy  are  powerful  means  of  obtaining 
information  concerning  protein  dynamics.  Here  we  discuss  our  experiments  on 
photodissociation  and  rebinding  of  ligands  to  hemeproteins  and  on  the  primary 
charge  separation  in  bacterial  reaction  centers.  Even  though  the  R  to  T  transition 
in  hemoglobin  occurs  in  microseconds  [I],  studies  on  the  ultrafast  time  scale 
provide  a  significant  advantage  in  understanding  such  a  process.  Namely,  the 
system  has  not  had  enough  time  to  respond  completely  to  the  perturbation  of 
ligand  photodissociation.  Hence  the  system  is  simplified  as  spectral  changes  can  be 
more  easily  interpreted  in  terms  of  structural  features  near  the  chromophore  and 
involvement  of  portions  of  the  molecule  far-removed  from  the  chromophore  need 
not  necessarily  be  invoked.  Furthermore,  even  if  a  protein  reaction  is  very  slow, 
the  events  that  trigger  the  reaction  may  proceed  very  rapidly.  In  the  reaction 
center,  the  primary  electron  transfer  occurs  in  2.8  ps  at  room  temperature  and  a 
major  problem  is  to  understand  how  the  protein  is  involved  in  rendering  this 
reaction  so  efficient  (21. 

2.  Vibrational  Relaxation  and  Dissipat ion  of  Strain  Energy  m  Photodissociated 
Carbonmonoxy  Hemoglobin 

The  microscopic  aspects  ol  reversible  ligand  binding  in  hemoglobin  (Hb)  and 
myoglobin  (Mb)  are  not  yet  understood.  In  particular,  the  cooperative  mechanism 
by  which  successive  ligands  bind  more  easily  to  the  Hb  tetramer  than  the  first 
ligand  has  yet  to  be  unravelled.  Time-resolved  spectroscopic  methods  provide  an 
excellent  tool  for  investigating  the  rate  and  the  mechanism  bv  which  information  is 
transferred  from  one  subunit  of  the  Hb  tetramer  to  another.  Our  subpicosecond 
Raman  experiments  |  3j  have  yielded  two  important  results  bearing  upon  this 
question  (Figs.  1,  2).  Upon  photodissociation  of  HbCO,  a  large  downshift  of  the 
totally  symmetric  porphyrin  mode  V4  relaxes  to  a  minimum  in  about  IG  ps.  This 
relaxation  is  attributed  to  vibrational  cooling  of  the  heme  which  has  absorbed  a 
photon  of  approximately  25  keal/mol  in  excess  of  the  bond  dissociation  energy. 
Such  cooling  has  been  predicted  by  steady-state  measurements  [4]  and  by  molec¬ 
ular  dynamics  simulations  [  5 ].  After  this  rapid  phase,  V4,  begins  to  downshift  again 
with  a  time  constant  of  about  30  ps.  We  have  interpreted  this  second  phase  as  the 
appearance  of  a  T-like  change  at  the  intersubunit  contacts.  Due  to  tight  coupling 
between  the  subunit  interface  and  the  F  helix  (3, 6 1,  this  change  accompanies  a  tilt 
of  the  proximal  histidine  which  perturbs  the  porphyrin  ting  and  is  responsible  for 
the  downshift. 
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Figure  1.  Time  evolution  of  theVif  mode  of  the  HbCO  photoproduct 
with  respect  to  its  value  in  equilibrium  unligated  Hb. 


so 
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Figure  2.  a)  A  totally  symmetric 
stretching  mode  of  the  heme  of  the 
equilibrium  unligated  Hb  and  ligated 
HbCO  is  indicated  at  1  357  and  1373 
cm-),  respectively.  The  broad  band  is 
the  200- fs  spectrum  of  this  mode  of 
50%  dissociated  HbCO.  b)  The  solid 
line  is  the  difference  spectrum  be¬ 
tween  equilibrium  unligated  HbCO 
and  unligated  Hb.  The  broken  line  is 
the  200-fs  spectrum  of  photodissoci- 
ated  HbCO  from  which  the  contribu¬ 
tion  from  the  ligated  species  has 
been  subtracted  [3]. 


2-  Geminate  Recombination  of  NO  as  a  Probe  of  the  Barrier  to  Ligand  Rebinding 

The  barrier  to  ligand  rebinding  is  a  combination  of  electronic  [7,8]  and  transiently 
evolving  steric  factors.  Hence,  the  rate  of  recombination  is  sensitive  to  whether 
the  ligand  is  CO,  O2,  or  NO  [7].  The  dramatic  effect  of  NO  observed  in  Fig.  3  is  a 
result  of  the  nature  and  relative  population  of  the  excited-state  species  created 
upon  photodissociation  and  the  presence  of  a  rapid  geminate  recombination  process 
(<v|0  ps)  [7,8].  Because  NO  rebinding  is  so  rapid,  the  geminate  recombination  of 
NO  with  hemeproteins  provides  a  very  sensitive  probe  of  the  heme  pocket  and  parts 
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Figure  3.  Transient  bleaching  of  the 
Soret  band  of  ligated  PTH.  a)  PTHCO. 
410-nm  probe.  The  maximum  absorp¬ 
tion  change  is  0.17.  b)  PTHNO,  401- 
nm  probe.  The  maximum  absorption 
is  0.04.  The  7-ps  component  repre¬ 
sents  geminate  recombination  of  NO 
with  PTH.  The  similarity  among  the 
bleaching  kinetics  of  HbCO  and  PTH¬ 
CO  and  of  HbNO  and  PTHNO  are  stri¬ 
king  [7].  They  suggest  that  purely 
electronic  factors  play  a  significant 
role  in  gemmate  recombination  at 
room  temperature. 


Time  (ps) 

Figure  4.  Geminate  rebinding  of  NO  to  soybean  Lb  (left)  and  to  Mb  from  Aplvsta 
punctata  (right)  at  room  temperature.  Even  on  a  picosecond  time  scale  at  300  K. 
the  rebinding  is  well  described  by  a  power  law  function  [8]  indicative  of  a 
distribution  of  barriers  to  rebinding  [11]. 


of  the  protein  that  are  tightly  coupled  to  it  [8],  thus  providing  a  means  of 
evaluating  the  contributions  of  the  proximal  and  distal  sides  of  the  heme  in  the 
rebinding  process.  A  striking  result  is  that  we  find  essentially  identical  rebinding 
kinetics  of  NO  to  horse  heart  Mb  and  to  soybean  leghemoglobin  (Lb,  a  monomeric 
protein  whose  spacious  bemepocket  affords  one  of  the  highest  known  oxygen 


r 


affinities  [9]).  Although  the  gross  change  in  size  of  hemepockets  between  Mb  and 
Lb  does  not  alter  the  rebinding  kinetics,  it  is  nevertheless  possible  that  specific 
alterations  of  the  hemepocket  may  produce  an  effect.  That  this  is  the  case  is 
suggested  by  the  rebinding  of  NO  to  Mb  from  Aplysia  punctata  (Fig.  4).  Myoglobins 
from  Aplysia  are  unusuaJ  in  that  they  lack  in  general  the  distal  histidine  [10]. 


4_.  Charge  Separation  m  Photosynthetic  Bacterial  Reaction  Centers 

The  conversion  of  light  energy  into  chemical  free  energy  in  the  reaction  center 
(RC)  of  photosynthetic  purple  bacteria  is  a  highly  efficient  process  that  involves 
very  fast  reactions  that  compete  efficiently  with  radiative  lifetimes.  The  primary 
charge  separation  occurs  between  a  bacteriochlorophyll  dimer  (P)  and  a  bacterio- 
pheophytin  molecule  (Hi  )  located  on  the  L  polypeptide  subunit  over  a  center-to- 
center  distance  of  17  a.  The  structure  of  the  RC,  as  solved  by  X-ray  crystallo¬ 
graphy,  shows  that  a  monomeric  bacteriochlorophyll  (B|_ )  is  located  between  P  and 
HL.  The  role  of  this  molecule  in  the  initial  charge  separation  process  is  not  yet 
understood  and  is  the  object  of  much  experimental  and  theoretical  scrutiny  [2]. 

Direct  excitation  of  the  primary  donor  (P)  leads  to  the  formation  of  the  radical 
pair  P»Hl"  within  2.8  ps  at  295  K  in  RCs  from  both  Rb.  sphaeroides  and  Rps. 
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Figure  5.  The  variation  of  the  electron  transfer  rate  pver  the  temperature  range 
10-300  K  tor  RCs  trom  Rps.  viridis.  The  crosses  represent  the  experimental  points 
and  the  mixed  line  drawn  through  them  serves  only  to  aid  the  eye.  The  dashed  line 
is  a  fit  to  the  single  mode  approximation  discussed  in  references  2  and  15.  These 
data  were  obtained  in  collaboration  with  G.R.  Fleming. 
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viridis.  No  evidence  for  a  transient  depletion  of  B|_  as  a  result  of  the  formation  of 
a  .B[_-  or  Bj_+  species  is  found.  While  this  observation  must  be  reconciled  with  the 
X-ray  data,  it  is  generally  believed  that  B[_  plays  a  role  in  the  charge  separation 
process.  Several  mechanisms  for  such  a  role  have  been  suggested  and  are 
compatible  with  the  absence  of  spectroscopic  evidence  for  transient  bleaching  of 
the  ground  state  absorption  of  Bj_:  1)  direct  electron  transfer  from  P*  to  H]_ 
(P*Bi_H|_  — >  P  +  BlH]_')  occurs  via  the  virtual  state  P+Bl"Hl  in  a  "superexchange" 
mechanism;  2)  the  existence  of  B[_-  or  Bj_  +  has  been  postulated,  but  requires,  in 
order  to  be  consistent  with  femtosecond  aborption  spectroscopy,  that  the  rate  of 
depletion  of  this  intermediate  is  much  faster  than  its  rate  of  formation;  3)  an 
alternative  to  the  two  models  above  has  been  proposed  [12]  which  uses  a  set  of 
strongly  coupled  vibrational  modes  and  is  able  to  model  hole  burning  and 
temperature  dependence  data  [2].  See  references  2,  13,  and  14  for  a  summary  and 
discussion  of  the  possible  mechanisms.  The  primary  charge  separation  process  is 
characterized  by  an  apparent  negative  activation  energy  with  an  increase  in  rate 
by  a  factor  of  four  for  a  decrease  in  temperature  from  300  to  10  K  (Fig.  4)  and 
such  behavior  is  expected  for  an  activationless  electron  transfer  process  [14].  If  we 
assume  that  the  electron  transfer  is  nonadiabatic,  then  the  conventional  expression 
for  the  rate  can  be  used,  k  =  |  V]  2f,  where  V  is  the  electronic  interaction 

matrnt  and  F  is  a  thermally  averaged  Franck-Condon  factor.  Assuming  a  coupling 
of  the  primary  electron  transfer  to  low  frequency  modes  of  the  protein  and  using 
the  single  mode  approximation  [2,15],  the  electron  transfer  rate  as  a  function  of 
temperature  for  RCs  from  Rb.  sphaeroides  can  be  well  fit  using  a  80  cm-'  mode 
[15].  The  same  approximation,  however,  gives  a  very  poor  fit  to  the  data  for  the 
RCs  from  Rps.  v-iridis  and  a  25  crrrl  mode  is  required  to  obtain  the  proper  r3:;o  0[ 
the  rates  at  10  and  300  K  (Fig.  5).  The  difference  in  temperature  dependence 
between  the  RCs  of  the  two  bacterial  species  may  indicate  that  V  decreases  more 
strongly  with  decreasing  temperature  in  Rps.  viridis  than  in  Rb.  sphaeroides.  It 
also,  however,  raises  the  question  of  whether  the  primary  electron  transfer  is 
accurately  described  by  a  nonadiabatic  process. 
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Femtosecond  Excited-State  Reaction  Dynamics 
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Baeteriorhodopsin  (BR)  is  one  of  the  best  studied  photoreactive  systems.  It 
functions  as  a  light-driven  proton  pump  building  up  a  proton  gradient  across 
the  cell  membrane  of  halobacterium  halobium  / 1/ .  The  reaction  scheme  of  BR  may 
be  understood  as  follows:  In  the  primary  step,  light  absorption  initiates  the 
isomerization  of  the  retinal  chromophore  from  the  all-trans  to  the  13-cis  con¬ 
figuration.  This  reaction  establishes  the  starting  condition  for  the  subse¬ 
quent  much  slower  proton  transport  process  /2-4/.  It  is  the  purpose  of  this 
paper  to  reveal  the  ultrafast  molecular  processes  which  proceed  during  the 
primary  reaction.  Due  to  the  recent  development  of  femtosecond  techniques 
these  ultrafast  phenomena  may  now  be  directly  studied  /5,6,7/. 

In  our  experiments  we  work  with  amplified  pulses  from  a  CPW  dye-laser  (Cu 
vapor  pumped  amplifier)  for  excitation  (X  =  620  nm)  and  with  probe  pulses  at 
different  wavelengths  selected  from  a  femtosecond  continuum.  The  change  of 
transmission  of  the  sample  induced  by  the  exciting  pulses  is  measured  with 
high  precision  as  a  function  of  time  delay.  The  time  resolution  of  the  experi¬ 
ment  depends  on  the  width  at  of  the  cross-correlation  function  between 
exciting  and  probing  pulses.  Typical  values  of  At  =  90  fs  are  obtained  in  our 
apparatus  permitting  the  investigation  of  dynamic  processes  faster  than  50  fs. 

The  choice  of  the  probing  wavelength  is  of  major  importance  for  the  inter¬ 
pretation  of  the  observed  absorption  transients,  (i)  At  short  probing  wave¬ 
lengths  in  the  region  of  the  0-0  transition  of  the  molecule  the  absorption 
changes  may  be  related  to  different  processes,  e.g.  to  cross  relaxation  of  an 
inhomogeneous  ground-state  distribution,  to  excited-state  processes,  and  to  the 
formation  of  photoproducts,  (ii)  Working  at  longer  wavelengths  in  the  fluores¬ 
cent  region  of  the  molecule,  the  ground-state  processes  may  be  neglected,  i.e. 
a  more  straightforward  interpretation  of  the  experiment  is  possible  /5,6/. 

Time  resolved  changes  of  absorption  observed  on  light-adapted  Bacterio- 
rhodopsin  at  room  temperature  are  shown  in  Fig. 1  for  three  probing  wavelengths 
in  the  gain  region  of  BR.  At  long  probing  wavelengths  (X  =  850  nm,  Fig.lc)  a 
pronounced  gain  is  found  (the  transmitted  pulse  is  larger  than  the  incident 
pulse).  The  gain  decays  at  later  time  with  a  time  constant  of  500  fs.  A  slight 
180  fs  contribution  is  present  at  very  early  times.  With  decreasing  probing 
wavelength  the  500  fs  contribution  disappears.  At  735  nm  (Fig. lb)  a  180  fs 
process  dominates  the  decay  of  the  gain.  Fig. la  is  taken  at  a  still  shorter 
probing  wavelength  of  660  nm,  where  the  Si -So  absorption  of  BR  may  still  be 
neglected.  At  late  times  the  build-up  (with  500  fs)  of  an  induced  absorption 
of  the  intermediate  J  is  seen.  Around  time  zero  we  observe  a  very  short-lived 
gain.  A  detailed  analysis  of  the  experimental  data  with  a  precise  determi¬ 
nation  of  time  zero  and  of  the  cross-correlation  function  reveals  that  the 
gain  around  time  zero  is  due  to  an  additional  intermediate  with  a  lifetime  of 
approximately  50  fs  (50*25  fs). 
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Fig.  1  Time-resolved  changes  of 
absorption  (negative  values 
correspond  to  gain)  induced  by 
exciting  femtosecond  pulses  at 
X  =  620  nm.  The  probing  wavelengths 
are  A  =  660  nm  (a),  A  =  735  nm  (b), 
A  =  660  nm  (c).  The  solid  curves 
are  calculated  using  the  decay 
kinetics  discussed  in  the  text. 

The  broken  curves  are  calculated 
excluding  the  50  fs  kinetic. 


The  experimental  data  indicate  that  there  exists  an  interesting  rapid 
sequence  of  events  in  Si ,  the  excited  electronic  state,  with  time  values  of 
ti  =  50  ps,  t?  =  180  ps,  and  t3  =  500  ps. 

Taking  into  account  the  spectral  properties  of  the  transient  signal  and  the 
known  molecular  data  of  retinal  the  following  microscopic  picture  of  the  very 
early  reactions  is  suggested  (see  Fig. 2):  The  incident  photons  promote  the 
retinal  to  the  Franck-Condon  state  Si**  on  the  Si  potential  surface,  where  a 
number  of  vibrational  modes  are  displaced  relative  to  the  Si  equilibrium 
position  /8/.  Within  50  fs  after  light  absorption  an  equilibration  of  vibrati¬ 
onal  modes  occurs.  During  this  first  reaction  the  molecule  remains  practically 
unchanged  along  the  coordinates  of  the  low-frequency  modes.  The  following 
slower  reactive  motion  of  the  retinal  is  related  to  the  180  fs  gain  kinetics. 
In  this  process,  part  of  the  isomerization  (presumably  a  rotation  by  60  to  90 
degree  around  the  C13-C14  double  bond)  takes  place  and  the  molecules  arrive  at 
the  bottom  of  the  Si  potential  surface.  From  this  energy  position  the  isomeri¬ 
zation  continues  to  form  the  intermediate  product  J  or  the  molecule  returns 
via  internal  conversion  to  the  original  ground  state  with  a  time  constant  of 
500  fs.  Numerical  estimates  of  the  isomerization  motion  support  the  present 
interpretiations . 

In  conclusion  it  should  be  noted  that  additional  experiments  on  other 
retinal  containing  systems  gave  evidence  for  a  very  similar  hierarchy  of 
events,  indicating  that  the  reaction  mechanisms  found  in  Bacteriorhodopsin  is 
of  a  more  general  nature. 
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Fig- 2  Schematic  of  the  ground-state  (So)  and  excited-state  (Si)  potential 
energy  surfaces  as  a  function  of  the  high-frequency  vibrational  and 
the  low-frequency  reactive  coordinates. 


Acknowledgement:  the  experimental  work  was  done  in  collaboration  with 
Prof.  D.  Oesterhelt. 
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1.  Introduction 

Femtosecond  optical  measurement  techniques  with  a  time 
resolution  of  -6  fs  [1]  provide  a  means  of  directly  observing 
the  temporal  evolution  of  photochemical  reactions.  The  primary 
events  in  important  photobiological  systems  c'n  also  be  studied 
with  these  techniques.  Bacteriorhodopsin  (BR) ,  the  protein 
found  in  the  purple  membrane  of  Halobacterium  halobium,  is 
responsible  for  light-driven  trans-membrane  proton  pumping.  A 
variety  of  experiments  have  shown  that  light  absorption  drives 
a  trans  to  cis  isomerization  of  the  bound  all-trans  retinal 
protonated  Schiff  base  chromophore  [2].  The  primary 
photoproduct  of  BR,  called  J,  is  formed  in  ~500  fs  and  relaxes 
to  K  in  3  ps  [3-5].  This  report  describes  the  use  of 
femtosecond  optical  absorption  spectroscopy  to  directly  observe 
the  excited  state  trans  — >  cis  torsiona’  isomerization  of  the 
retinal  prosthetic  group  in  light-adapted  bacteriorhodopsin, 
BR568  (6],  We  also  present  a  new  theory  for  analyzing  the 
femtosecond  dynamic  hole-burning  spectra  of  BRjgg . 

2.  Experimental  Methods 

To  temporally  resolve  the  excitation  and  subsequent  photo¬ 
isomerization  of  the  BRjgg  chromophore,  it  is  necessary  to 
study  this  transformation  with  6-fs  optical  pulses.  Since  the 
spectral  width  of  a  transform  limited  6-fs  pulse  is  extremely 
broad,  these  pulses  present  the  unique  opportunity  to  observe 
the  full  spectral  response  of  the  system  on  this  rapid  time 
scale.  With  this  experimental  approach,  decay  processes  with 
very  similar  rates  or  with  even  a  continuous  distribution  of 
rates  can  be  identified  by  their  spectral  signatures.  Such 
processes  are  very  difficult  to  interpret  with  conventional 
single-wavelength  probe  data  and  first-order  kinetic  analysis. 

The  femtosecond  pump  and  probe  pulses  are  derived  from  the 
same  amplified  60  fs  optical  pulse  having  an  energy  of  1  [1J  and 
a  center  wavelength  of  618  nm.  The  6-fs  probe  pulse  is  iormeu 
by  passing  a  portion  of  the  initial  pulse  through  a  12  mm 
length  of  optical  fiber  followed  by  a  grating-pair  compressor 
with  prism  compensation  to  accurately  adjust  the  time  position 
of  the  frequency  components.  The  shortened  probe  pulse  then 
passes  through  the  excited  sample  to  the  spectrometer  and  diode 
array  detector.  The  light-adapted  purple  membrane  suspension 
was  pumped  through  a  nozzle  at  a  sufficient  velocity  to  ensure 
replacement  of  the  sample  between  each  laser  shot  (8  kHz) .  The 
integration  time  for  a  single  spectrum  was  typically  30  sec. 
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Fig.  1.  Transient  absorption  spectra  of  i ight -adapted 
bacter iorhodopsin  (BR5g8)  from  -54  to  998  fs. 


3 Experimental  ResvJ.t_s 

Figure  1  presents  the  differential  probe  transmittance  for 
various  pump-probe  time  delays.  We  note  four  distinct 
contributions  to  these  spectra.  The  dominant  feature  is  the 
broad  hole  that  grows  in  between  560  and  630  nm  and  reflect 
the  bleaching  of  the  BR^gg  absorption  band.  Competing  wit 
this  at  short  times  are  a  band  of  increased  transmittance  to 
the  red  of  650  nm  and  a  strong  band  of  increased  absorption  to 
the  blue  of  580  nm.  The  former  we  attribute  to  stimulated 
emission  from  the  excited  electronic  state  and  the  latter  :o 
excited  state  absorption  from  the  same  state.  The  rapid 
attenuation  of  the  stimulated  emission  signal  from  -3  to  98  fs 
is  best  attributed  to  the  -100  fs  torsional  distortion  of  the 
molecule  on  the  excited  state  potential  surface  which  shifts 
the  emission  to  higher  wavelengths.  The  580  —><560  nm  blue 
shift  of  the  excited  state  absorption  features  from  -28  to  98 
fs  also  argues  that  this  is  the  time  scale  for  excited  state 
torsional  isomerization.  The  amplitude  of  the  bleach  as 
indicated  by  the  depth  of  the  hole  at  -530  nm  is  nearly 
constant  from  2 1  to  222  fs,  whereas  the  stimulated  emission  ar.d 
excited  state  absorption  signals  evolve  strongly  from  0  to  150 
fs.  This  supports  the  idea  that  the  optical  excitation  is 
largely  complete  by  the  28  fs  spectrum  and  that  the  t~ empora 1 
evolution,  .of-  the  spectra  from  28  to  142  fs  provides  a  direct 
observation  of  the  excited  state  photoisomerization  process  in 
BEsfta •  Finally,  the  appearance  of  a  red  absorption  between  222 
and  998  is  results  from  the  formation  of  the  ground  state 
photoproduct  j. 

Theory. of  Femtosecond  Dynamic  Hole  Burning 
The  dynamic  hole-burning  spectra  can  be  analyzed  in  more  detail 
to  investigate  excited  state  dephasing  and  energy  relaxation, 
processes.  At  early  times  the  bleach  has  the  width  and 
approximate  position  of  the  pump  pulse.  At  later  times  this 
feature  evolves  into  the  broad,  featureless  band  je011  ifter  58 
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fs.  To  understand  these  observations  we  have  used  a  city 
matrix  analysis  to  simulate  the  hole-burning  spectra  for  . 

The  theory  of  dynamic  hole-burning  for  2-level  systems  has 
recently  been  described  by  Brito  Cruz  et  al.  [7]  .  We  have 
generalized  this  theory  for  a  system  with  one  ground  state 
vibronic  level  I  i>  and  a  mult  id:  mens  iona  1  manifold  of  vifcror.ic 
excited  state  levels  I k>  [8].  Eight  contributions  to  the  third 
order  polarization  are  uncovered:  four  conventional  level 
population  terms,  two  "pump-polarization"  terms,  and  two 
"perturbed  free  induction  decay"  (FID)  terms.  These  expressions 
are  difficult  to  evaluate  for  multilevel  systems  because  each 
term  contains  two  sums  over  the  full  vibrational  subspace  of 
the  molecule.  To  make  the  evaluation  of  these  expressions  more 
tractible,  we  recognize  that  they  may  be  recast  in  terms  of  a 
multidimensional  excited  state  nuclear  time  correlation 
function  denoted  <i|i(t)>.  Here  | i>  is  the  initial  ground 
state  nuclear  wavefunction  and  |i(t)>  =  e" lHt i  i  ( 0 )  >  is  the 
ground  state  wavefunction  propagated  on  the  e  n  i  -  e  d  n  *-  a  n 
potential  surface  [9].  The  Fourier  transform  of  <i  |  i  ,t)  .»  is 
essentially  the  homogeneous  absorption  lineshape.  The  final 
equation  for  the  polarization  to  second  order  in  the  pump  field 
and  first  order  in  the  probe  field  is 

P>  =  /i  fdifdrfdi" ■  e-(-n.T:e-(cr,.T!e.,r.r,T:  <  * 

-oo  -oo  -oo 

{Epr(''>Epu(t")Epu(t''')<i|  ■(!•(’)>  (i  |  i(t"- 1"’))  + 

Epr(t')Epu(t")E()l,(t'")<ii  i(t-t')>(i|  i(t"-t '")>  + 


Epr(t')Epu(t")Epu(E")  <*  I  <i !  i(t’-t  '))*  + 


EPr(t')Ep.J(t")Epl/t"')<i[  i(t-t")> (i |  i(t'-t'")>  + 


EPu(0Epr(t")Epu(t"')<i|  i(t-0><i|  *(t"-t'")>  + 


Epu(OEp,(t")EpU(t"')<i|  i(t-t")><i |  i ( t ' - 1 >)”  + 


Epii(t)En,/'t")Err(t'’')<il  i(t-t'))(i|  i ( t " - 1 " ' ))  + 

Epu(t')Epu(t")Epr(t'")<i|  i ( t - 1 " ' )> <i |  i(t'-t")>”  |, 

where  Tp  and  Tp  are  the  polarization  relaxation  and  dephasino 
times,  |l  is  the  electronic  transition  moment  between  Sq  and  Sj, 
and  Eft)  denotes  the  pump  or  probe  field  envelope .  The  first 
four  terms  with  the  pump  — *  pump  — ►  probe  sequence  contribute 
to  the  level  population  changes.  The  5;  h  and  6th  terms 
contribute  to  the  pump-polarization  signal  while  the  last  'we 
terms  give  rise  to  the  perturbed  FID  signal.  When  the  rump  and 
probe  beams  overlap  in  time,  the  coherent  coupling  between  the 
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two  beams  that  is  described  by  the  pump-polarization  and 
perturbed  FID  terms  will  give  rise  to  rapid  spectral  and 
temporal  modulation  of  the  transmittance  spectra. 

The  nuclear  contribution  to  the  polarization  decay  is 
contained  in  <i|i(t)>  which  can  be  obtained  through  a  resonance 
Raman  intensity  analysis  [10,11].  The  relation  between  the 
resonance  Raman  cross  section  for  a  particular  vibrational  mode 
and  I i  (t) >  is 

Or  a  |  J<fl  i  (t)  3>  e"''11  dtj  2  (2) 

o  1 

where  <f |  is  the  final  vibrational  state  in  the  Raman  process, 
E  is  the  incident  laser  energy,  and  T  is  a  damping  factor.  The 
beauty  of  this  relation  is  that  by  monitoring  the  intensity  of 
a  particular  Raman  transition,  <f  |  acts  as  a  "filter"  that 
analyzes  that  particular  vibrational  dimension  of  |i(t)>.  By 
measuring  the  intensities  of  all  the  allowed  Raman  transitions, 
|i(t)>  may  be  determined.  The  excited  state  is  characterized 
in  terms  of  a  ground— >  excited  state  origin  shift  or 
equivalently  in  terms  of  the  slope  of  the  excited  state 
potential  surface  evaluated  with  respect  to  the  ground  state 
normal  coordinate.  An  analysis  of  the  Raman  intensities  of 
BR  5  g  g  has  been  performed  by  MYERS  et  al.  [10,11].  They 
measured  complete  resonance  Raman  excitation  profiles  and 
developed  a  synthesis  for  |i(t)>  which  accurately  described  the 
intensities  of  the  29  Raman  active  modes.  The  homogeneous 
absorption  band  was  found  to  be  very  broad  (-3600  cm-1)  and 
unresolved  due  to  strong  Franck-Condon  activity  in  a  large 
number  of  modes  and  fast  excited  state  relaxation. 

5.  .Analysis,  of  BR  Hole-Burning  Spectra 

We  have  used  this  characterization  of  the  Sj  excited  state  of 
BRS  gg  to  simulate  the  early  time  hole  spectra  [8].  The 
comparison  of  the  experimental  and  calculated  holes  is  given  in 
Fig.  2.  The  calculated  and  experimental  spectra  evolve  from  a 
sharp  feature  at  the  pump  wavelength  at  0  fs  to  a  broad  band 
centered  at  580  nm  by  60  fs.  The  deviation  of  the  calculated 
and  experimental  spectra  on  the  extreme  blue  and  red  edges  is 
due  to  the  excited  state  absorption  and  timulated  emission 
which  cannot  be  described  by  Eqn .  1.  The  sharp  feature  at  618 
nm  in  the  0  fs  spectrum  is  due  to  the  pump-polarization  and 
perturbed  FID  terms.  These  terms  are  expected  to  decay  rapidly 
as  time  progresses  and  the  pump  and  probe  beams  no  longer 
overlap.  Thus  the  evolution  from  a  sharp  spectrum  at  0  fs  to  a 
broad  hole  at  60  fs  is  not  an  indication  of  spectral  diffusion 
between  sites  in  an  inhomogeneously  broadened  band  or  excited 
state  vibrational  relaxation.  The  broad  hole  observed  at  60  fs 
is  completely  consistent  with  the  broad  hole  predicted  from  the 
resonance  Raman  intensity  analysis.  This  provides  a  direct 
confirmation  that  the  homogeneous  lineshape  in  BR568  is  very 
broad  as  a  result  of  extensive  Franck-Condon  congestion. 
Stated  alternatively,  the  excited  state  wavepacket  leaves  the 
Franck-Condon  region  rapidly  (-20  fs)  and  permanently  along 
multiple  highly-displaced  degrees  of  freedom.  This  rapid 
departure  from  the  Franck-Condon  region  is  an  important  element 
in  producing  the  high  efficiency  of  the  isomerization  process 
in  br568- 
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Fig.  2.  Calculated  and 
experimental  lineshapes  for 
BR568  at  0,  30  and  60  fs 
using  excited  state 
parameters  from  ref.  [11] 


Probe  Wavelength  (nm) 


This  interpretation  of  the  femtosecond  spectra  of  BR563  was 
first  presented  at  the  Second  European  Conference  on  the 
Spectroscopy  of  Biological  Molecules,  Freiburg,  FRG,  September 
6-10,  1987.  This  work  was  supported  by  the  NSF  (CHE  86-15093) 
and  the  NIH  (GM  27057)  . 


6.  References 

1.  R.L.  Fork,  C.H.  Brito  Cruz,  P.C.  Becker,  C.V.  Shank:  Opt. 
Lett .  12,  483  (1987) . 

2.  R.R.  Birge:  Annu .  Rev.  Biophys .  Bioeng.  12,  315  (1981). 

3.  A.V.  Sharkov,  A.V.  Pakulev,  S.V.  Chekalin,  Y.A.  Matveetz: 
Biochim.  Biophys.  Acta  808 .  94  (1985). 

4.  tl.J.  Polland,  M.A.  Franz,  W.  Zinth,  W.  Kaiser,  E  Rolling, 

D.  Oesterhelt :  Biophys.  J.  A2,  651  (1986)  . 

5.  J.W.  Petrich,  J.  Breton,  J.L.  Martin,  A.  Antonetti:  Chem. 
Phys.  Lett.  122,  369  (1987). 


588 


6. 

R.  A. 

Mathies,  C. 

H.  Brito  Cruz,  W.T.  Pollard,  C.V.  Shank: 

Science  240.  777 

(1988)  . 

7  . 

C.H. 

Brito  Cruz, 

J.P.  Gordon,  P.C.  Becker, 

R.L. 

Fork,  C.V 

Shank:  IEEE  J. 

Quant.  Elect.  21,  261  (1988). 

8  . 

W.T. 

Pollard,  C. 

H.  Brito  Cruz,  C.V.  Shank, 

R.A. 

Mathies : 

Chem 

.  Phys.,  submitted. 

9  . 

E.  J. 

Heller,  R.L 

..  Sundberg,  D.  Tannor:  J. 

Phys  . 

Chem.  8  6 

1822 

(1982)  . 

10  . 

A.B  . 

Myers,  R . A . 

Harris,  R.A.  Mathies:  J. 

Chem. 

.  Phys .  12. 

603 

(1983)  . 

11 . 

A.B  . 

Myers,  R.A. 

Mathies:  In  Biological  Applications  of 

Raman  Spectroscopy: _ Resonance  Raman  Spectra  of  Polyenes 

and  Aromatics,  ed.  T.G.  Spiro,  Vol.  2  (J.  Wiley  4  Sons, 
Inc.,  1987)  pp.  1-58. 


589 


Polarized  Pump-Probe  Spectroscopy  of  Exciton  Transport 
in  Bacteriochlorophyll  a-Protein 
from  Prosthecochloris  aestuarii 

T  P.  Causgrove,  S.  Yang,  and  IV. 5.  Struve 

Department  of  Chemistry  and  Ames  Laboratory-USDOE, 

Iowa  State  University,  Ames,  LA50011,  USA 


1.  Introduction 

Electronic  excitation  transport  (EET)  is  the  first  process  which  follows  light 
absorption  by  antenna  pigments  in  green  photosynthetic  bacteria  and  plants. 
Such  excitation  migration  is  believed  to  proceed  by  an  incoherent  random-walk 
mechanism  arising  from  Forster  dipole-dipole  coupling  between  chlorophyll 
molecules  or  aggregates.  The  EET  dynamics  are  sensitive  to  the  chromophore 
organization.  This  is  unknown  for  any  antenna  system  in  green  photosynthetic 
organisms,  except  for  the  BChl  a-protein  complex  from  the  sulfur  bacterium 
Prosthecochloris  aestuari i .  We  have  therefore  studied  EET  in  this  BChl  a- 
protein  using  polarized  pump-probe  spectroscopy,  and  analyzed  the  time- 
resolved  depolarization  in  terms  of  this  antenna  system's  well-characterized 
3-dimens ional  structure  (l). 


The  basic  structural  unit  in  BChl  a-protein  is  a  trimer  of  subunits 
containing  7  BChl  a  molecules  each.  Nearest-neighbor  Mg-Mg  separations  for 
Chromophores  within  a  subunit  range  from  11.3  to  14.4  A;  there  are  no  Mg-Mg 
separations  shorter  than  24  A  for  chromophores  belonging  to  different 
subunits.  Hence,  this  system  may  present  an  example  of  Sauer's  "pebble 
mosaic"  model  [2|,  in  which  EET  (whose  rate  scales  as  R~®  for  chromophores 
separated  by  R)  is  predicted  to  be  far  more  rapid  inside  subunits  than  between 
subunits. 


2 .  Experimental 

A  BChl  a-protein  solution  in  water  (which  contains  BChl  a-protein  aggregates 
with  a  mean  size  of  at  least  30  trimers)  was  generously  provided  by  R.  E. 
Fenna.  Samples  housed  in  800  .m  cells  were  rotated  at  12  Hz  to  minimize 
photooxidation  by  the  laser. 

A  passively  mode-locked  rhodamine  590/DQ0CI  dye  laser  pumped  by  a 
multiline  Ar+  laser  with  6W  plasma  tube  provided  linearly  polarized  1.5  ps 
FWHM  pulses  between  598  and  609  nm  with  -50  mW  power  at  125  MHz  repetition 
rate.  These  wavelengths  overlap  the  603  nm  BChl  a-protein  Qx  system.  The 
pump-probe  geometry  of  Ippen  et.  al.  [31  was  used  with  multiple  modulation  to 
evaluate  the  optical  density  transients  A||(t),  A .  ( t )  for  probe  pulses 
polarized  parallel  and  perpendicular  to  the  pump  polarization. 

3.  Resu 1 ts 

Figure  1  shows  typical  pump-probe  transients  A ||  ( t)  and  A  (t)  for  the  BChl  a- 
protein  at  603  nm.  They  are  dominated  by  coherent  coupling  artifacts  during 
the  first  -1.5  ps;  they  can  be  fitted  for  later  times  (continuous  curves)  with 
convolutions  of  the  laser  autocorrelation  function  with  the  expressions 
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A||(t)  =  P(t)  f  1  +  0.8!(l-a)e*p(-t/T)  +  all 
A  (t)  =  P(t)(l  -  0.4( (l-a)exp(-t/i)  +  a|). 
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P ( t )  is  the  isotropic  decay  function,  evaluated  from  transients  obtained  with 
pump  and  probe  polarizations  separated  by  54.7’.  Nonzero  a  parameters  are 
generally  required  to  simulate  the  polarized  photobleaching  decays:  the 
average  value  derived  from  six  pairs  of  transients  obtained  at  603  nm  (e.g. 
Fig.  1)  is  a  =  0.477  .  This  is  a  consequence  of  the  nonrandom  chromophore 
organization.  The  average  depolarization  timescale  t  at  603  nm  is  4.78  ps. 


The  BChl  a-protein  exists  in  at  least  two  crystal  modifications  (P6g  and 
P6j),  and  the  packing  in  aggregates  formed  in  water  solution  has  not  been 
characterized.  To  model  the  EET  depolarization,  we  consider  for  definiteness 
the  P6g  crystal  structure  shown  in  Fig.  ?.  Our  model  assumes  Forster  hopping 
between  exciton  states  delocalized  inside  subunits  containing  7  BChl  a 
molecules.  We  arbitrarily  restrict  EET  to  migration  between  neighboring 

subunits,  and  distinguish  two  kinds  of  hopping.  The  f''rst  kino  occurs  w’th 
transition  rate  wAg  between  subunits  in  the  same  trimer  (e.g.  A  ♦  B  or  D  -  E ) . 
The  second  kind  occurs  with  rate  wflg  between  subunits  in  different  trimers 
(e.g.  A  »  D  or  8  *  H).  The  ratio  w^g/w^g  of  transition  rates  is  not  known, 
because  the  exciton  polarization  which  controls  the  dipole-d'pote 

orientational  factors  in  wftg  and  wftg  has  not  been  reported. 
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EET  was  simulated  in  P63  crystallites  containing  27  trimers  by  solving 
the  kinetic  equations  for  the  subunit  excitation  probabi 1 i t ies  following 
initial  excitation  of  subunit  A.  For  a  given  orientation  dA  e  (a,  s,  y)  of 
the  probed  transition  moment  in  subunit  A,  the  corresponding  orientations  d(- 
for  other  subunits  |  were  generated  from  crystal  symmetry.  These  were 
weighted  by  the  subunit  excitation  probabilities  and  averaged  over  the  random 
crystallite  orientations  in  solution  to  yield  theoretical  polarized  transients 
A  |)  ( t ) ,  AL(t).  These  computed  transients  depend  on  the  assumed  transition 
rates  wAB,  wAB  and  on  the  projection  Y  of  the  subunits'  probed  transition 
moment  along  the  crystallite  c-axis.  Table  I  lists  several  combinations  of 
WAB’  WAD  which  yield  theoretical  anisotropy  functions  r(t)  =  ( A.i -A  )/(Aii+  2A  ) 
which  are  indistinguishable  within  experimental  S/N  from  the  phenomenological 
anisotropy  function  r(t)  =  (l-a)e*p(-t/-)  +  a,  where  t  =  4.78  ps  is  the  mean 
depolarization  timescale  and  a  =  0.477  is  the  mean  residual  anisotropy.  (The 
latter  parameter  is  related  to  y  through  a  =  (3y^  -  1)^/4).  This  Table 
emphasizes  that  a  continuum  of  combinations  of  wAB  and  wAB  can  account  for  the 
observed  decay,  so  that  depolarization  experiments  alone  cannot  determine 
these  transition  rates  separately.  In  our  kinetic  model  (which  assumes 
migration  only  occurs  between  proximate  subunits),  our  data  are  consistent 
with  the  ranges  0  <  wAB,  wAB  <  (15  ps)*1 2 3  in  combinations  typified  by  Table  I. 


TABLE  I.  Forster  transition  rates  from  27-trimer  simulation  of  EET  in  BChl 
a-protein  from  P.  aestuar i i 


wAB/wAD 

WAB’  Ps 

WAD’  Ps 

WAB  +  WA0 ’  P$_1 

« 

14.3 

T3 

0.070 

3 

20.2 

60.7 

0.066 

1 

28.5 

28.5 

0.070 

1/3 

66.0 

22.0 

0.061 
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The  present  study  has  been  inspired  by  the  following  motivations: 

(i)  From  the  theoretical  point  of  view  the  main  principles  of 
the  very  efficient  conversion  of  the  solar  energy  into  an  elec¬ 
trochemical  form  by  photosynthetic  organisms  are  quite  well  un¬ 
derstood  (for  a  recent  review,  see  [1]).  However,  the  extent  to 
which  these  principles  are  realized  in  one  or  another  natural  or¬ 
ganism  is  still  to  be  established; 

(ii)  During  the  past  feti  years  considerable  advances  have  been 
made  in  explaining  the  composition  and  the  structure  of  the  pho¬ 
tosynthetic  unit  (PSU)  of  purple  and  green  bacteria  (for  a  review 
see  [2]).  Nevertheless,  there  is  still  only  poor  evidence  about 
the  pathways  of  the  excitation  energy  migration  between  different 
pigment-protein  complexes  of  PSU  and  related  rate  constants; 

(iii)  All  pigments  in  photosynthetic  organisms  are  bound  to 
protein  environment.  Besides,  these  pigment-protein  complexes  are 
often  embedded  into  the  lipid  membrane  [2].  The  effect  of  this 
specific  environment  on  the  spectral  characteristics  of  pigments 
and  dynamics  of  electronic  excitation  as  well  as  charge  transport 
may  be  essential  and  needs  to  be  cleared  up. 

1.  Spectral  and  Structural  Heterogeneity  of  the  Light-Harvesting 
Antenna 

A  number  of  purple  photosynthetic  bacteria,  e.g.  RhodobactZ'i 
■iphaz'ioi.dz-t  and  ChKOinatium  m-uiut-c-i-itmum ,  contain  1  i  gh t -ha  r ves t  ing 
pigment-proteins  of  three  spectrally  well-resolved  types:  BB00, 

B  8  5  0  and  B  8  7  5  (numbers  indicate  the  bacteriochlorophyll  a  (BChla) 
Qy  absorption  maxima  in  nm).  The  picosecond  time-domain  fluores¬ 
cence  kinetics  of  these  bacteria  in  dependence  on  the  emission 
wavelength  have  been  studied  under  physiological  conditions  as 
well  as  at  77  K  .  It  has  been  shown  that  the  electronic  excita¬ 
tion  transport  is  directed  from  the  short-wavelength  light-harves 
ting  antenna  BChl  a  forms  to  the  long-wavelength  one,  and  from 
the  latter  to  reaction  centers  (RC).  As  long  ns  the  RCs  of  purple 
bacteria  are  surrounded  and  interconnected  by  a  constant  number 
of  B875  p i gmen t -p ro t e ins  [3,4]  the  energetically  downhill  trans¬ 
port  of  excitations  is  accompanied  by  their  spatially  directed 
transport  towards  RCs.  As  a  result,  most  of  the  excitations  are 
very  quickly  localized  around  RCs  where,  by  means  of  charge  sepa¬ 
ration,  the  solar  energy  is  stored  for  further  use.  The  observed 
macroscopic  excitation  trapping  time  by  photoactive  RCs,  which 
is  equal  to  about  60  ps  at  77  K  as  well  as  at  room  temperature 
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E  i  g .  1.  A)  Experimental  fluorescence  decay  kinetics  at  the  gi¬ 

ven  wavelengths  of  Rb.  Aphazioidz-t,  chromatophores  (dotted  line) 
and  corresponding  model  curves  (continuous  line).  Excitation 
intensity  at  796  nm  about  0.01  W/(cm.cm);  B)  The  calculated  am¬ 
plitude  spectra  for  separate  lifetimes;  C)  The  calculated  time-in¬ 
tegrated  fluorescence  spetrum 


in  all  the  purple  bacteria  investigated  (including  Rhodo-ip-ilii <um 
lubluin  where  due  to  the  lack  of  B800  and  BS50  antenna  forms  the 
number  of  BChl  a  molecules  per  RC  is  several  times  smaller), 
supports  this  conclusion.  A  comparison  of  experimental  fluores¬ 
cence  kinetics  with  the  results  of  model  calculations  based  on 
coupled  rate  equations  (see  fig.  1),  reveals  the  rates  and  path¬ 
ways  of  heterogeneous  excitation  transport  in  purple  bacteria: 
excitations  reach  from  8800  BChl  a  molecules  to  B850  ones,  both 
situated  on  the  same  pair  of  pigment-binding  polypeptides  [2], 
in  1-2  ps.  The  excitation  transport  from  B800-850  p i amen t -p rot e i n 
complexes  to  B875  complexes  takes  less  than  10  ps  for  most  (about 
70 ?o)  excitations.  The  minor  part  of  the  BR  50  excitations  is  trans¬ 
ferred  to  B875  in  about  60-50  ps. 

2.  Long-Range  Molecular  Order 

The  1 iqht -harvest ing  antenna  of  green  bacteria  containing  BChl  c 
is  by  an  order  of  magnitude  larger  than  that  of  purple  bacteria, 
which  presents  more  rigorous  requirements  for  the  structure  op¬ 
timization.  According  to  that  all  the  antenna  RChl  C  molecules 
are  concentrated  in  extramembraneous  bodies  -  the  chlorosomes, 
whereas  RCs  and  the  most  part  of  the  antenna  BChl  a  are  associa¬ 
ted  with  the  cytoplasmic  membrane.  Selective  excitation  of  BChl  c 
Qy  transition  moments  by  picosecond  laser  pulses  has  revealed 
that  the  chlorosome  excitations  are  transferred  to  membrane  pig¬ 
ments  with  a  characteristic  time  of  30-60  ps.  Such  a  high  trans¬ 
fer  rate  is  somewhat  unexpected  for  such  a  big  antenna.  Figure  2 
shows  that  the  BChl  C  fluorescence  polarization  is  nearly  cons¬ 
tant  during  the  excited  state  lifetime  and  attains  a  limiting 
high  value  ( p r 0 . 62+0 . 02 ) .  Ihese  results  demonstrate  that  the 
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Fig.  2.  Room-temperature  pola¬ 
rized  fluorescence  kinetics  of 
BChl  C  (detected  at  750  nm ) 
and  BChl  a  (806  nm)  and  the 
time  dependence  of  the  corres¬ 
ponding  calculated  fluores¬ 
cence  polarization  degree 
p(t)=(I„-Ix)/(I„+Ix)  of  living 
cells  of  green  bacterium 
Chtoio^t exu-4  au.iant-iac.Uii> .  Ex¬ 
citation  intensity  at  724  nm 
0.2  W/(cm.cm) 


excitation  energy  transfer  in  green  bacteria  is  favoured  by  al¬ 
most  parallel  transition  moments  of  the  chlorosome  chromophores 
(or  their  coupled  associates).  It  has  been  shown  by  the  linear 
dichroism  method  that  these  transition  moments  are  oriented  along 
the  long  axis  of  the  chlorosome  [5). 


3.  Inhomogeneous  Spectral  Broadening 

Optical  transitions  of  molecules  in  solids  are  generally  inho- 
mogeneously  broadened  by  virtue  of  random  strains  or  by  chromo- 
phore  interactions.  There  is  a  strong  evidence  that  pigment-pro¬ 
tein  bands  of  purple  bacteria  are  inhomogeneous ly  broadened  as 
well.  (A  corresponding  experiment  on  R.  ■'tub-turn,  see  [6].)  We  have 
shown  by  means  of  computer  simulation  that  in  case  the  inhomo¬ 
geneous  bandwidth  of  BR75  is  larger  than  the  homogeneous  width, 
the  conditions  for  an  additional  localization  of  excitations  in 
R875-RC  complexes  and,  thereby,  for  the  shortening  of  the  ove¬ 
rall  trapping  time,  are  provided. 

The  authors  thank  Drs.  Z.G. Fetisova  and  V.I.Godik  (Labora¬ 
tory  of  Molecular  Biology  and  Bioorganic  Chemistry,  Moscow  State 
University)  for  the  fruitful  collaboration. 
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In  this  work  we  study  the  excitation  energy  transfer  in  aggregates 
of  the  light-harvesting  chlorophyll  a/b  complex  (LHC  II)  of  green 
plants.  The  method  we  use  is  based  on  the  excitation  annihilation 
that  can  be  observed  if  more  than  one  excitation  is  created  within  a 
system  of  connected  antenna  pigment  molecules,  a  so-called  do¬ 
main.  By  performing  time-resolved  absorption  recovery  measure¬ 
ments  at  different  excitation  light  intensities  one  can  obtain  the 
annihilation  rate,  y2,  anc*  t*le  rate  of  single  excitation  decay,  y,. 


In  general 


dn  _ _  Y 

dt  I 


n  —  i  Y 
2  2 


2 

n 


where  n  stands  for  [Chla*].  In  fig.  1  we  have  plotted  l/n(dn/dt)  vs  n 
and  for  two  experiments  with  the  excitation  intensities  1.25  1013 

and  2.5  •  1013  photons/cm2,  we  obtain  y2=  2.8  ■  109  and  2.4  109  s_1, 

respectively.  From  the  absorption  recovery  traces  at  low  excitation 
intensities,  i.e.  <  1013  photons/cm2,  we  find  that  Yj  =  3  109  s'1- 

There  is  another  more  common  way  to  obtain  y2  ar,d  that  's  to 
measure  the  fluorescence  quantum  yield.  Paillotin  et  al.  [1]  have 
developed  a  theory,  where  a  parameter  r  =  2  yi/Y2  is  used  as  a 
measure  of  excitation  annihilation.  For  large  values  of  r,  trapping 
and  losses  dominate,  while  for  small  r  the  annihilation  is  relatively 
strong.  In  this  work  we  have  obtained  the  quantum  yield  by 
integrating  the  normalized  decay  curves  and  plotted  this  value  as  a 
function  of  the  number  of  absorbed  photons/cm2  (see  fig  2).  We 
obtain  a  good  fit  to  theory  (see  dotted  line  in  fig. 2)  if  we  choose  r  = 

3.  Putting  Y]  =3-1 09  s- 1 ,  we  obtain  y2  =2  •  1 09  s* 1 ,  in  good  aggreement 
with  the  results  of  fig.  1.  Thus  the  two  methods  of  calculating  Yt  give 
the  same  result  within  the  experimental  error.  From  fig.  2  it  is  also 
possible  to  calculate  the  number  of  interacting  chlorophylls  in  a 
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Numberof  Excitation  per  1000  Chi  a 

Fig  1 

This  figure  shows  (dCHL  a*/dt)/Chl  a*,  as  calculated  from  two 
different  absorption  recovery  traces  at  678  nm,  vs  number  of 
excitations/1000  Chi  a:  1.25  *  10  13  photons/cm2  and  2.5  *  10  13 
photons/cm2.  The  slopes  give  Y2  as  described  in  the  text. 


(a.u.) 


0  5  10  2.5  5  10  25  ■  1013 

Absorbed  Pholons/cm? 


Fig.  2 

Calculated  normalized  time-integrated  absorption  decays  at  678  nm 
vs  number  of  absorbed  photons/cm2.  The  dashed  line  represents  a 
fit  to  eq.  20  of  ref.  1  using  r=3.  The  point  at  which  there  is  one  exci¬ 
tation/domain  is  indicated  by  the  arrow. 

domain.  No.  The  arrow  in  fig.  2  show  the  intensity  at  which  1 
photon  is  absorbed  per  domain.  This  intensity  corresponds  to  Np  = 
1000.  If  the  energy  transfer  occurs  on  a  square  lattice  the  following 
equation  is  valid  [1|: 
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^2  =  (4  W,  +  v  )/  (_L  N  In  N  +  0.195  N  )  . 

2  *'  1  Jt  D  D  D 

From  this  the  nearest-neighbour  hopping  rate,  kh,  can  be 
estimated  to  be  about  10,2s_1.  Since  such  a  large  domain  size  is 
obtained  this  hopping  rate  represents  a  very  efficient  energy 
transfer  between  chlorophyll  molecules  situated  in  both  the  same 
and  different  chlorophyll  a/b  complexes.  In  the  future  it  will  be  ot 
interest  to  see  if  such  an  efficient  transfer  of  energy  takes  place 
over  large  distances  between  photosystem  2  units  in  thylakoid 
membranes. 
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I  .  I  nt  roduc  L  i  on 

Furocoumarins  (psoralens)  are  well  known  not  only  as  drugs  lor  human  skin 
diseases  hut  also  molecular  probes  in  DNA  studies.  The  specific  interca¬ 
lation  of  fun oumar  ins  between  pyrimidine  base  pairs  of  double-stranded 
DNA,  followed  by  l.'V  induced  covalent  bond  formation,  is  an  essential  aspect 
of  the  photobiology  of  furocoumarins.  In  order  to  obtain  information  from 
DNA  molecules  by  using  fluorescence  of  furocoumarins,  it  is  indispensable  to 
elucidate  solvent  effects  on  the  fluorescence  properties  of  furocoumarins. 
As  a  representative  of  furocoumarins,  bergopter  ( 5-met boxy  psoralen )  was 
chosen,  because  our  preliminary  results  showed  that  dramatic  changes  bn  the 
f ' uorescence  quantum  vield  were  observed  compared  with  those  of  iurocouma- 
rins  in  going  from  a  non-protic  solvent  (eye  lohexane)  to  a  protic  one  (etha¬ 
nol  ) . 

2 .  Fxper imenta 1 


Time-resolved  fluorescence  spectra  wet  e  measured  with  a  synchroscan  streak 
camera  system  (Hamamatsu  0  187),  equipped  with  82  MHz  (M1955)  and  4  MHz 
(M2 1 71 )  synchrosc.f  units.  Picosecond  I'V  pulses  (ca.310  nm,)  were  generated 
bv  frequency-doubled  synchronously-pumped  and  cavity-dumped  dye  Lasers 
(Spectra-Physics).  Fluorescence  was  detec  ted  at  the  magic  angle  ( 14 . 7  )  for 
the  vertically  polarized  excitation  pulses. 

T.  Resu 1 ts  and  Discuss i on 

in  a  solvent  of  cyclohexane-ethanol  mixtures,  two  types  of  solvent  effects 
must  be  taken  into  consideration:  dipole-dipole  interaction  between  .  thanol 
and  a  fluoruphore  and  a  hydrogen  bonding  effect  of  ethanol  on  a  fluoro- 
phore.  Addition  of  ethanol  into  bergapten  solution  of  cve lohexane  caused 
changes  having  isosbestic  points  in  absorption  spectra  (l’ig.1),  indicating 
hydrogen  bonding  between  ethanol  and  a  fluoroph>  re  in  the  ground 
state.  The  ec]u  i  1  i  hr '  um  constant  for  the  hydrogen  bonding  was  !  .0  M  ,  at 
2j  that  is,  only  5.8  %  of  fl.iorophors  did  not  form  hvdrogen  bonds  even 

in  100  %  ethanol  in  ’he  ground  state.  However,  the  changes  in  f luorescer 
derav  curves  depended  dramatically  on  ethanol  concentration  a;  is  shown  >a 
1  i  g .  2 . 

One  possible  mechanism  for  the  ethanol  concentration  effect  is  file 
pseudo-  Jnhn-Te  1  1  er  effecL  |l),|2]  induced  by  vibronic  intei  actions  between 
an  nit*  state  and  a  n  n*slate  on  no:. rad  i  at  i  ve  processes.  Interacting 
elec  Ironic  states  in  furocoumarins  are  identified  as  the  lowest  S  fir ,  n3'*) 
state  and  the  nearby  S.,(  n ,  tt*)  state,  because  the  hydrogen  bonding  el  led 
promotes  the  S,  (n ,  tt*)  “state,  and  the  dipolar  effect  of  ethanol  stabilizes 
the  S  (t!,tt*)  state,  the  energy  gap  between  these  two  states  becomes  wider 
with  increasing  ethanol  concentration.  Thus  the  rate  ot  nonraliat ive  tran- 
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Fig.  1  Time-resolved  fluorescence  spectra 
of  bergapten  at  298  Y 
a: 100%  cyclohexane,  b:2.b%  ethanol 
c : 100%  ethanol 


TIME 

Kig. 2  Fluorescence  decay  curves  of  ber- 
gapten  in  various  ethanol  concen¬ 
trations  at  298  K 
a: 100%,  b : 5 . 0% ,  c:2.5%,  d:1.0% 
e:0% 


sitions  from  Lite  S|(tt,tt*)  state  L  •  the  ground  slate  is  diminished  due  to  the 
reduction  ol  vibronic  interart  ions. 

Next,  we  studied  a  temperature  effect  on  deactivation  mechanisms  of  some 
1 urocoumar ins  in  alcohols.  Both  fluorescence  intensity  and  T-T  absorption 
increased  with  decreasing  temperature  |2],[  S|.  We  concluded  that  a  nonra- 
diative  pathway  which  depends  on  temperature  is  not  S  T  intersvstem 
crossing  hut  S  -  •  S  internal  conversion,  because  the  contribution  of 
photochemical  reactions  to  the  nonrad iat i ve  processes  was  negligibly  small. 
Fluorescence  intensity  of  other  f urocoumar i ns  was  also  increased  by  adding 
ethanol  to  cyclohexane  solutions.  ^Moreover,  the  fluorescence  intensity  in¬ 
creased  under  pressure  (  3000  Kg/cm  ,  as  a  max. value)  at  298K . 

All  the  above  results  are  consistent  lv  explained  by  the  pseudo-. lalin- 
Tellcr  effect.  Firstly,  the  solvent  effects  .ire  explained  by  considering  the 
following  solvation  equilibrium: 

k] 

Sol  von  l  (ethanol )  +  Fluorophore  ~X_  Sol  vat€*d-Fl  uorophure,  k  =k./k.,,  (1) 

k2  s 

when*  K  is  the  equilibrium  constant  for  the  solvation  process.  Secondly, 
the*  van't  Hoff's  eq .  (2)  can  be  applied  to  the  above  system  in  order  to 
explain  temperature  and  pressure  effects  on  Sj  ->  internal  conversion: 

d(ln  k  )/dT  =  AH/RT2  and  (3(ln  k^Y/3  p  lT  =  -  AV/RT,  (2) 

where  All  Is  the  enthalpy  change  in  the  solvation  process,  and  AV  is  the 
change  in  the  partial  volume  for  the  so  1  vent -i 1 uornphore  system.  Kqua- 
tion  (2)  immediatelv  explains  the  experimental  results  obtained  bv  changing 
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Fig. 3  Schematic  diagram  of  two  interacting  energy  levels  '  separation 
changed  by  solvent,  temperature  and  pressure 


temperature  und  pressure,  because  All  is  negative  for  the  solvation  process 
and  AV  is  negative  under  pressure.  Thus  the  results  that  fluorescence 
intensity  increased  with  decreasing  temperature  and  increasing  pressure  were 
due  to  the  reduction  of  the  vjbronic  interactions  by  the  further  solvation, 
that  is,  the  further  separation  of  the  energy  gap  between  interacting  states 
as  illustrated  in  Fig. 3. 

Furthermore,  in  addition  to  the  nit*  -  ti  it*  interaction,  we  must  pay  atten¬ 
tion  to  the  differences  in  dvnamical  behavior  of  a  hydrogen  bonding  effect 
and  a  dipolar  effect  of  ethanol  to  better  understand  the  results  indicated 
in  Fig.l  and  Fig. 2.  The  rate  of  stabilization  of  the  lowest  S.fit.iT*)  state 
by  solvent  dipolar  reorientation  is  rather  slow.  On  the  other  hand,  a 
hydrogen  bond  is  already  formed  in  the  ground  state.  Therefore,  hydrogen 
bonding  allows  non-bonding  electrons  in  the  fluorophores  to  be  affected 
instantaneously  after  absorption  of  light  by  movements  of  electrons  within 
the  solvent  molecules.  However,  hydrogen  bonds  newly  formed  during  the 
lifetime  of  the  excited  state  probably  do  not  contribute  much  to  the  nti*- 
tt  it*  interact  ion ,  because  the  lifetime  of  hydrogen-bond-free  species  is  very 
short.  Figure  2  shows  a  time  dependent  spectral  shift  observed  in  100  V-. 
ethanol,  indicating  temporal  progress  of  the  stabilization  by  the  solvent 
dipolar  relaxation.  fn  the  middle  case  (2.3  Z  of  ethanol),  a  blue  shift  is 
observed  in  an  early  stage  of  relaxation.  This  blue-shifted  spectrum  coin¬ 
cides  with  the  spectrum  observed  in  100  %  of  cyclohexane.  Thus  we  can 
assign  these  time-resolved  spectra  as  follows:  the  blue  shifted  spectrum  is 
from  hydrogen-bond-f ree  species  in  the  Franck-Co ndon  state,  and  the  red 
shifted  spectrum  is  due  to  hydrogen-bonded  fluorophors  stabilized  further  by 
the  dipolar  interaction  with  ethanol  depending  on  ethanol  concentration. 
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1.  Introduction 

The  primary  process  of  excitation  trapping,  charge  separation  and  charge  stabiliza¬ 
tion  in  photosystem  II  (PS  II)  are  still  much  less  studied  than  those  in  bacterial  reac¬ 
tion  centers  (RCs).  Agreement  has  been  arrived  at  on  the  nature  of  the  primary  (in¬ 
termediate)  electron  acceptor  to  be  pheophytin  a.  However,  it  is  still  poorly  un¬ 
derstood  whether  the  radical  pair  is  also  formed  in  RCs  in  which  the  first  quinone 
acceptor  (Q)  is  reduced  (closed  RC).  Early  experiments  with  PS  II  particles  have 
suggested  efficient  charge  separation  and  consecutive  charge  recombination  with  a 
time  constant  of  approx.  2  -  4  ns  under  such  conditions  (1).  The  results  of  the  ana¬ 
lysis  of  chlorophyll  (Chi)  fluorescence  decay  data  (2)  have  led  to  conclusions  which 
were  in  conflict  with  these  studies. 

2.  Materials  and  Methods 

Oxygen-evolving  PS  II  particles  with  an  antenna  size  of  about  80  Chl/P680  have 
been  isolated  from  thermophilic  Svnechococcus  sp..  Picosecond  fluorescence  was 
measured  with  a  single-photon  timing  apparatus.  Picosecond  absorbance  changes  were 
probed  in  the  wavelength  range  from  620  to  700  nm.  These  measurements  were  car¬ 
ried  out  with  a  dual  wavelength  picosecond  pump-probe  spectrometer  with  high 
sensitivity  which  was  developed  in  our  laboratory.  It  consists  of  two  synchronously 
emitting,  independently  tunable  dye  lasers  as  the  source  of  excitation  and  probe 
pulses.  An  improved  modulation  technique  and  the  use  of  advanced  data  analysis 
procedures  enabled  a  signal  to  noise  ratio  close  to  the  shot-noise  limit,  thus  allowing 
for  a  drastic  reduction  of  the  required  excitation  densities.  The  instrument  allows 
absorption  measurements  with  absorption  changes  as  low  as  A 1/1=  10"4  limited  by  the 
noise  in  the  probe  beam. 


3.  Results  and  Discussion 

A  correlated  picosecond  absorbance  and  fluorescence  study  using  particles  with  open 
and  closed  RCs  has  been  carried  out  (3).  With  open  RCs  excited  state  lifetimes  of 
about  80  ps  and  500  ps  are  observed  in  fluorescence.  Closing  the  RCs  by  reduction  of 
with  dithionite  (or  20^M  DCMU  plus  light)  results  in  an  increase  of  the  lifetimes 
by  approximately  a  factor  of  2  -  3  and  in  a  decrease  of  the  amplitude  ratio  a  ^  /o^  in 
the  fluorescence  decays  by  a  factor  of  3  -  4.  With  open  PS  II  the  absorbance  changes 
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were  described  by  a  sum  of  three  exponentials.  The  associated  absorbance  difference 
spectra  were  attributed  to  the  exciton  trapping  and  electron  transfer  processes  (3.4). 
With  closed  RCs  the  absorbance  changes  were  biexponential  with  lifetimes  = 
170-260  ps  and  t2  =  1.6-1.75  ns.  The  resulting  lifetimes  show  a  good  agreement  with 
the  corresponding  fluorescence  lifetimes  (3). 

A  kinetic  model  which  accounts  for  the  described  observations  is  proposed  in  Fig.  I 
(see  also  ref.  3.4).  It  assumes  that  Chi  decay  in  PS  II  is  trap-limited.  For  both  open 
and  closed  RCs  the  rapid  decay  phase  reflects  the  equilibration  of  energy  between  the 

antenna  and  the  radical  pair,  while  the  slow  phase  is  associated  with  the  overall  decay 

of  the  resulting  equilibrium  by  deactivation  of  the  antenna  and  the  forward  reaction  of 
the  radical  pair.  The  exciton  equilibration  between  antenna  Chi  and  reaction  centers  is 
assumed  to  occur  on  a  much  faster  time  scale,  i.e..  within  <10  ps.  The  rate  constants 

k.  of  Fig.  I  have  been  calculated  from  the  kinetic  data  and  are  given  in  Table  I.  The 

electron  transfer  step  I"Q  =*  IQ'  is  characterized  by  a  time  constant  ( I  /k2 )  of  450  ps  in 
open  RCs.  The  latter  process  vanishes  upon  reduction  of  Q.  The  most  striking  change 
upon  closing  the  RCs  consists  in  a  large  reduction  of  the  value  of  ^  as  compared  to 

open  RCs.  From  the  comparative  analysis  of  the  kinetics  of  PS  II  with  open  and  closed 

RCs  we  conclude  that  the  reduction  of  the  quinone  acceptor  QA  has  the  following 
effects:  i)  the  rate  constant  of  charge  separation  is  decreased  by  a  factor  of  6:  ii)  the 
yield  of  primary  radical  pair  formation  is  reduced  by  a  factor  of  2  and  the  mean 

lifetime  of  excitons  in  the  Chi  antenna  is  increased  by  a  factor  of  3  to  4:  iii)  the  stan 


Table  I.  Rate  constants  k.  (ns  )  according  to  the  kinetic  scheme  in  Fig.  1  calculated  as 
described  in  the  text  using  the  results  of  fluorescence  kinetics  for  open  and 
closed  RCs  of  PS  II 
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Chl* 

B  P  I 
'■  0  z 


'  Chl  \ 
A  P  I  | 
\  o  z ; 


l  Chl  \ 

C  p*r  i 
\  Z  0  / 


/Chl  \ 
E  !  p  i  I 
\c°7 


—  Fig.  I:  Kinetic  model  of  the  primary  reactions 
in  open  PS  II.  In  this  scheme  the  rate  con 
slants  describe:  k  =k  +k  .the  radiationless 

A  c!  rati  ■. 

\  plus  the  radiative  decav  ot  Chl  :  k  and  k  .  the 

i  ■  i  i 

i  I  process  of  entering  and  leaving  the  trap.  k(. 
J  /  the  apparent  primary  charge  separation:  k(. 

charge  recombination  to  the  excited  state:  k^ 
k,  and  k^.  the  process  of  charge  stabilization  as¬ 
sociated  with  the  relaxation  of  I  and  P* 

!  \  rereduction,  respectively.  For  closed  PS  11  the 
|  rate  constant  k^  is  replaced  by  k’  leading  to  as 
*  I  yet  tin  specified  product  (s)  instead  ot  D  (4) 


Fig.  2:  Potential  energy  diagram  for  the  primary 
charge  separation  and  charge  recombination  pro¬ 
cesses  in  open  and  closed  (Q )  PS  II  reaction 
centers  with  an  attached  antenna  of  about  80 
CI1I/P68O. 


reaction  coordinate 

dard  free  energy  of  the  state  P^I'Q^  is  raised  by  about  50  meV  as  compared  to  the 
state  Pb+g0I'Q  .  iv)  charge  separation  in  open  RCs  is  exergonic  and  associated  with  a 
decrease  in  free  energy  of  38  meV.  and  v)  in  closed  RCs  charge  separation  is  ender- 
gonic  affording  a  free  energy  increase  of  12  meV.  In  view  of  these  findings  we 
conclude  that  the  long-lived  (ns)  chlorophyll  fluorescence  generally  observed  from  closed 
PS  II  is  not  delayed  charge  recombination  luminescence  but  prompt  emission  from  the 
antenna  chlorophylls,  in  contrast  to  the  interpretation  of  ref.  (I). 

The  control  of  P+l’  formation  by  the  redox  state  of  Q  is  a  consequence  of  the 
electrical  field  created  by  the  negative  charge  on  Q  .  This  can  be  understood  from  the 
model  shown  in  Fig.  2.  In  analogy  to  bacterial  RCs  we  assume  that  in  the  case  of  open 
RCs  the  potential  energy  curves  of  the  radical  pair  state  P+l  and  of  the  excited  state 
P  cross  near  the  potential  minimum  of  the  latter  state.  This  implies  a  basically  activa¬ 
tionless  charge  separation  reaction  for  open  RCs.  The  recombination  reaction  does  re¬ 
quire  thermal  activation,  however.  As  discussed  above,  for  closed  RCs  the  standard  free 
energy  of  the  radical  pair  state  is  increased  due  to  the  interaction  of  P+l  with  Q  .  [•low 
the  charge  separation  process  is  no  longer  activationless  thus  resulting  in  a  large 
decrease  in  the  corresponding  rate  constant  k(.  In  contrast,  the  activation  energy  for  the 
recombination  process  is  expected  to  be  changed  only  to  a  small  extent  hence  affecting 
the  rate  constant  k2  only  to  a  small  extent. 

According  to  our  kinetic  scheme  (see  Fig.  I).  the  state  B  is  a  generalized  excited  state 
of  a.iy  chlorophyll  species,  including  all  the  antenna  Chi  as  well  as  P*.  Hence,  kj  is 
the  apj^renl  rate  constant  of  charge  separation.  It  is  different  from  the  intrinsic  rate 
constant,  k1"'  by  the  factor  of  partitioning  of  the  exciton  between  P  and  all  Chi  mole¬ 
cules  in  the  core  antenna  (4).  This  partitioning  can  be  described  by  the  rate  constants 
k(  and  k  (  of  entering  and  leaving  the  trap,  respectively,  and  the  degree  of  degeneracy 
of  the  state  (Ch.1  -P).  We  calculate  from  our  data  an  intrinsic  rate  constant  of  about 
370  ns  (according  to  k'|n’  =  9.3  ns  1  •  80-  1  /2)  corresponding  to  a  time  constant  of 
about  2.7  ps.  Interestingly,  this  is  very  close  to  the  value  of  2.8  ps  which  was 
measured  directly  for  the  primary  charge  separation  in  isolated  bacterial  reaction  centers 
devoid  of  any  antenna  pigments. 
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Picosecond  transient  absorption  spectroscopy  has  been  applied  to  a  new 
reaction  center  purified  from  a  novel  thermophilic  photosynthetic  bacte¬ 
rium  Chromatium  tepidum.  Although  the  ground  state  spectrum  of  the  reac¬ 
tion  center  shows  significant  differences  from  that  of  a  mesophilic  purple 
bacterium  (Rhodobacter  sphaeroides  R-26),  the  primary  charge  separation 
kinetics  in  the  reaction  center  of  tepidum  were  essentially  the  same  as 
those  of  R^  sphaeroides  R-26.  The  significant  differences  in  the  ground 
state  spectra  are  reflected  in  the  profile  of  the  transient  absorption 
spectra.  Futhermore  electronic  transition  assignments  were  discussed. 

1.  Introduction 

Photosynthetic  light  energy  conversion  into  chemical  energy  occurs  in  a 
membrane  protein  called  the  'reaction  center'.  Generally  a  bacterial  reac¬ 
tion  center  contains  four  molecules  of  bacteriochlorophyll  (BChl),  two  of 
bacteriopheophytin  (BPh),  two  quinones  (Q),  and  a  non-heme  iron  (Fe)  [1]. 
Recent  X-ray  crystal  analysis  revealed  that  the  pigments  in  the  bacterial 
reaction  center  are  organized  in  a  transmembrane  dye  array  [2].  In  the 
periplasm  (outside  of  membrane),  a  pair  of  BChl  molecules  are  found  in 
close  contact  with  one  another.  They  are  called  the  'special  pair'  (BChlj 
or  P),  because  spectroscopy  has  shown  that  they  are  in  contact  and  that 
their  oxidation  is  the  primary  event  in  photosynthesis.  Two  alternative 
paths  of  electronically  conducting  chromophore  extend  from  this  special 
pair  to  the  single  non-heme  iron  atom  which  is  positioned  on  the  opposite 
(cytoplasmic)  side  of  the  membrane:  each  path  consists  of  the  sequence 
BChlj-BChl (monomeric  bacteriochlorophyll)-BPh-Qa  or  Q^-Fe.  Only  one  of 
the  two  paths  is  actually  utilized.  In  a  photosynthetic  reaction  center  a 
very  fast  forward  electron  transfer  as  compared  with  a  backward  reaction 
has  been  disclosed  as  the  key  to  the  high  efficiency  of  the  primary 
photosynthetic  reaction  (especially  in  the  charge  separation  reaction) 
[31-  The  time  course  of  the  primary  electron  transfer  step  has  been  stud¬ 
ied  [4,5]  on  several  photosynthetic  bacteria.  A  newly  prepared  reaction 
center  from  a  novel  thermophilic  bacterium  Chromatium  (C.)  tepidum  showed 
distinct  differences  in  the  ground  state  absorption  spectrum  from  those  of 
mesophilic  bacteria  [6].  Since  the  mechanisms  of  the  electron  transfer 
process  may  have  close  correlation  to  the  electronic  structures  of  the 
special  pair,  we  observed  the  picosecond  (ps)  transient  absorption  spectra 
to  examine  whether  the  differences  in  the  ground  state  absorption  spectra 
have  any  effect  on  the  primary  process  of  photosynthesis,  and  whether  any 
information  about  the  electronic  transition  assignment  can  be  obtained 
from  the  picosecond  absorption  change  in  the  near  infrared  region. 
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2.  Experimental 

A  reaction  center  of  C.  tepidum  was  prepared  as  described  before  [6].  The 
final  purification  by  HPLC  with  a  DEAE-analog  column  gave  two  types  of 
reaction  center  samples  with  and  without  cytochrome  c.  The  reaction 
center  with  cytochrome  c  was  used  in  all  the  experiments  unless  otherwise 
stated.  The  reaction  center  of  R.  sphaeroides  R-26  was  prepared  by  the 
method  reported  in  the  literature  [1].  The  picosecond  absorption  spectra 
were  obtained  in  3  mm  (or  2  mm)  cells  with  ODggg  =  5-5/cm  in  700-900  n«, 
and  0D800  -  16.5  in  the  530-730  nm  region.  We  used  20  mM  Tris  buffer  with 
0.1%  dodecy-3,D-maltoside  (or  0.1%  Triton  X-100)  and  0.0125%  of  lauryl- 
dimethylamine-N-oxide.  The  details  of  the  optical  system  used  were  de¬ 
scribed  previously  [8].  A  mode-locked  Nd-YAG  laoer  (Quantel,  Model  472) 
was  used  for  both  excitation  and  probe  light.  The  second  harmonic  (532 
nm,  50ps)  attenuated  to  100  pj/pulse  was  used  as  excitation  light.  The 
excitation  pulse  causes  photooxidation  of  about  50%  of  the  reaction  center 
on  each  flash.  The  repetition  rate  of  the  data  aquisition  was  1  Hz  for  C. 
tepidum,  and  0.25  Hz  for  the  R.  sphaeroides  R-26  reaction  center. 


3.  Results  and  Discussions 

In  Fig.  1  the  ground  state  absorption  spectra  are  compared  for  reaction 
centers  from  C.  tepidum  and  R.  sphaeroides  R-26.  Reaction  centers  from 
purple  photosynthetic  bacteria  show  three  distinct  absorption  bands  in  the 
near  infrared  region  [4].  The  longest  band  (around  860-900  nm)  belongs  to 
the  special  pair  P  because  it  bleaches  when  P  is  oxidized.  The  next 
longest  band  around  800  nm  mainly  corresponds  to  the  monomeric  BChl  a, 
however, it  has  been  proposed  that  the  higher  energy  exciton  band  of  P  also 
exists  around  800  nm.  The  750  nm  band  is  due  to  BPh  bands.  Figure  1  shows 
that  the  position  of  the  special  pair  absorption  band  and  intensity  vary 
significantly,  while  the  rest  of  the  bands  (i.e.,  the  monomeric  bacterio- 
chlorophyll  band  (around  800  nm)  and  bacteriopheophytin  band  (around  750 
nm)  are  kept  unchanged  among  the  purple  photosynthetic  bacterial  reaction 
centers  with  BChl  a.  R.  sphaeroides,  R.  capsulata,  and  R.  rubrum  have  the 
.-peeial  pair  absorption  band  at  around  860  nm  at  room  temperature,  while 
\  v  1  r.  o  s  u  m ,  and  C.  tepidum  have  the  band  at  around  885  nm  [4-7].  In 
addition  to  the  difference  in  the  position  of  the  absorption  maximum,  the 


Fig.  1  &  2:  Ground  state  and  transient  absorption  spectra  of  reaction  centers 
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intensity  of  the  special  pair  bands  for  the  latter  group  of  reaction 
centers  are  smaller  than  those  for  the  former  by  60  %.  The  origins  of 
this  shift  are  not  clear,  but  the  presence  of  the  tightly  bound  cytochrome 
c  for  the  latter  group  has  a  critical  effect  [6].  The  origins  of  the 
reduced  intensity  are  still  unrevealed. 

The  flash  pulse  at  the  wavelength  of  532  nm  excites  the  Qx  transition 
of  BPh,  the  Q  band  of  cytochrome  c  and  the  longest  wavelength  band  of 
carotenoid.  Thereafter,  the  excitation  energy  is  transferred  to  P.  In 
Fig.  2  the  transient  absorption  spectra  are  shown  for  the  reaction  center 
of  C.  tepidum.  The  formation  of  P  was  indicated  from  bleaching  at  the  880 
nm  absorption  band.  This  process  occurred  within  the  instrumental  response 
time  (20  ps).  The  increase  and  decrease  of  absorbance  around  790  nm  and 
810  nm  occurred  also  in  the  instrumental  response  time.  These  processes 
were  observed  in  exactly  the  same  way  for  the  reaction  centers  from  both 
C.  tepidum  and  R-26  in  the  limit  of  the  present  experimental  setup.  The 
changes  around  790  and  810  nm  can  be  explained  by  merely  a  band  shift  of 
the  800  nm  band  caused  by  the  ionization  of  the  special  pair,  or  by  the 
existence  of  a  special  pair  band  with  the  same  decay  constant  [4].  It 
should  be  noted  that  the  profiles  of  the  transient  absorption  spectra  be¬ 
tween  C.  tepidum  and  R-26  are  fairly  different,  especially  in  the  relative 
magnitudes  of  bleaching  for  the  special  pair  band  to  that  of  the  800  nm 
band.  Detailed  studies  with  polarized  light  at  low  temperature  using  a 
shorter  excitation  pulse  will  give  more  definite  conclusions  about  the 
correlation  between  electronic  structures  and  functions  of  reaction 
centers . 

Bleaching  of  the  BPh  band  at  750  nm  showed  some  delay  from  the  special 
pair  bleaching  for  both  reaction  centers.  That  is,  the  BPh  bleaching 
occurred  with  a  delay  of  less  than  20  ps  after  the  bleaching  of  P.  This 
indicates  that  the  rate  constant  of  the  electron  flow  from  P  to  BPh  is 
around  20  ps  in  the  limit  of  the  present  instrumental  response  time.  There 
was  essentially  no  difference  in  this  process  for  the  reaction  centers 
between  C.  tepidum  and  R-26.  The  recovery  of  the  755  nm  bleaching  to  half 
its  magnitude  took  place  with  a  time  constant  of  about  180  ps. 

In  conclusion,  the  data  in  the  picosecond  transient  absorption  spectra 
showed  that  the  primary  charge  separation  steps  in  reaction  centers  were 
not  so  sensitive  to  position  and  intensity  of  the  special  pair  band  in  the 
ground  state  spectrum  so  as  to  give  significant  changes  (more  than  the 
instrumental  sensitivity  (20  ps))  in  the  time  constants.  The  interactions 
which  gave  these  phenomena  (the  spectral  shift  and  intensity  decrease)  did 
affect  the  spectral  profile  in  the  transient  spectra. 
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1.  I ntroduction 

D-Amino  acid  oxidase  is  a  flavoenzyme  with  molecular  weight  of  40000  per 
monomer  and  contains  flavin  adenine  dinucleotide  (FA0)  as  coenzyme.  The 
enzyme  is  in  an  equilibrium  state  among  monomer,  dimer  and  higher  asso¬ 
ciated  forms  depending  on  its  concentration  [1],  A  number  of  works  have 
revealed  that  the  physico-chemical  properties  of  monomer,  including  the 
enzyme  activity,  are  quite  different  from  dimer  or  oligomers  of  the  enzyme. 
The  binding  process  of  rAD  has  displayed  a  positive  cooperati vi ty  [2], 

The  fluorescence  lifetimes  of  FAD  of  D-amino  acid  oxidase  in  the  picosecond 
region  suggest  that  the  m  i  croenvi  ronment  surrounding  FAD  in  monomer  is 
quite  different  from  that  in  dimer  or  oligomer  [3].  It  has  been  also 
shown  that  the  remarkable  quenching  of  fluorescence  of  FAD  in  the  protein 
is  due  to  an  electron  transfer  from  tryptophan  to  the  excited  FAD  [4], 

In  the  present  work  we  demonstrate  that  the  normal  fluorescence  of  FAD 
in  D-amino  acid  oxidase  appears  after  a  meta-stable  fluorescent  state 
decays. 

2.  Experimental 

D-Amino  acid  oxidase  was  purified  from  hog  kidney  according  to  the  method 
previously  reported.  FAD  was  purchased  from  Makarai  Chemicals,  LTD. 
(Kyoto)  and  purified  by  a  column  chromatography  on  DE AE-cel 1 u 1 ose.  The 
fluorescence  decay  curves  and  time-resolved  fluorescence  spectra  were  mea¬ 
sured  with  a  synchronously  pumped,  cavity-dumped  dye  laser  and  a  picosecond 
time-correlated,  single-photon  counting  apparatus  [5],  Temperature  of  the 
samples  was  controlled  with  circulating  water.  Typical  time  width  of  the 
instrumental  responce  function  was  30  ps.  The  observed  decay  curves  were 
analyzed  with  multi-exponential  decay  functions  by  a  non-linear  least- 
squares  iterative  convolution  method  based  on  the  Marquardt  algorithm. 

3-  Resul ts  and  Discussion 

Fluorescence  decay  curves  of  FAD  in  D-amino  acid  oxidase  were  measured  at 
20  °C  and  5  °C  at  eight  different  levels  of  the  enzyme  from  100  to  0.78  uM. 
The  decay  curves  monitored  at  530  nm  were  all  non-exponential  and  analyzed 
with  two-,  three-  and  four-exponential  decay  functions,  the  results  of 
which  were  compared.  The  best  fit  was  obtained  when  the  observed  decay 
curves  were  analyzed  with  four-exponential  decay  functions.  Figure  1 
shows  an  observed  decay  curve  obtained  at  20  °C  (concentration,  0.78  uM  in 
0.017  mM  pyrophosphate  buffer  at  pH  8.3).  The  values  of  the  lifetimes 
were  almost  constant  within  15  %  upon  changing  the  concentration.  Ave¬ 
raged  val'  es  of  the  lifetimes  were  to  =  26.6  +  0.7  ps.  ti  =  44.0  +  4.2  ps, 
T2  =  177  +  11  ps  and  ts  =  2.28  +  0.21  ns  at  20  °C,  and  to  =  25.2  t  3.0  ps, 
ii  =  50.3  ±  8.7  ps,  T2  =  228  +  27  ps  and  ti  =  2.75  +  0.33  ns  at  5  °C. 
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Fig.  1  Fluorescence  in¬ 
tensities  of  FAD  of  D-amino 
acid  oxidase  at  20  °C  are 
shown  with  dots. 

The  emission  was  monitored 
at  530  nm  upon  excitation 
at  315  nm.  The  enzyme  was 
dissolved  in  0.017  M  of 
pyrophosphate  buffer  at  pH 
8.3  (cone  0.78  uM).  The 
calculated  decay  curve  is 
indicated  with  a  solid 
curve.  Decay  parameters  at 
the  best-fit  were  to  =  26.5 
ps  (-1.013),  t  i  =  50.0  ps 
(0.797),  T2  =  197  ps 
(0.127),  t  i  =  2.58  ns 
(0.077),  where  the  values 
in  the  parentheses  are  com¬ 
ponent  fractions. 


The  component  fractions  of  the  shortest  lifetime  were  -0.998  +  0.029  at  20 
°C  and  -0.949  +  0.084  at  5  °C.  They  were  always  negative  and  close  to  -1 
within  experimental  accuracy.  The  fact  suggests  that  the  normal  fluores¬ 
cent  state  of  FAD  forms  after  a  meta-stable  state  of  the  excited  isoalloxa- 
zine  decays.  The  rise-up  component  with  negative  component  fraction  was 
not.  observed  in  free  FAD.  The  fluorescent  species  with  lifetimes  of 
positive  pre-exponential  factors,  n,  T2  and  T3  are  assigned  to  be  the 
associated  forms  of  the  enzyme  including  dimer,  the  monomer  and  free  FAD 
dissociated  from  the  enzyme,  according  to  the  previous  work  [3], 

Time-resolved  fluorescence  spectra  of  FAD  of  D-amino  acid  oxidase  were 
measured  at  20  °C  and  5  °C  at  the  concentration  of  100  uM.  The  spectra  at 
20  °C  are  shown  in  Fig.  2.  The  first  spectra  obtained  by  accumulating 
from  -20  ps  to  0  ps  have  the  maxima  at  584  nm  at  20  °C  and  557  nm  at  5  °C. 
Successively,  the  emission  spectra  obtained  accumulating  for  every  20  ps 
shifted  toward  shorter  wavelength  to  520  nm.  The  spectra  became  steady  a  1 
the  gated  times  later  than  100  ps  after  the  pulsed  excitation,  which  is  in 
good  agreement  with  the  spectrum  obtained  by  steady-state  excitation.  Tht 
time-resolved  spectra  of  free  FAD  were  also  examined.  In  free  FAD  the 
spectrum  did  not  shift  at  all. 

The  remarkable  blue  shifts  in  the  fluorescence  spectra  of  the  coenzyme 
of  D-amino  acid  oxidase  are  consistent  with  the  appearance  of  rise-up 
component  in  the  decay  curves.  Since  they  were  not  observed  in  free  FAD, 
these  phenomena  are  considered  to  take  place  only  in  the  protein.  Such  an 
ultrafast  change  in  the  spectra  suggests  that  the  electronic  state  of  the 
excited  flavin  changes  coupled  with  the  dynamics  of  the  protein  structure. 
The  blue  shift  in  the  time-resolved  fluorescence  spectra  is  rather  unusual. 
The  meta-stable  fluorescent  state  may  be  related  with  one  form  of  various 
types  of  hydrogen-bondings  [6],  or  proton  transferred  complexes  between 
i soal loxaz i ne  which  contains  four  proton  acceptors  and  one  proton  donor, 
and  nearby  amino  acid  residues. 
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Fig.  2  Time-resolved  fluoresce¬ 
nce  spectra  of  FAD  of  D-amino  acid 
oxidase  at  20  °C  are  shown  at 
various  gated  times  after  pulsed 
excitation  at  315  nm.  The  gated 
times  for  the  accumula*  n  are 
indicated  beside  the  c.r  _ctra. 

The  maximum  wavelengtn  of  the 
first  spectrum  (-20  -  0  ps  of  the 
gated  time)  was  584  nm.  Succes¬ 
sively,  these  were  556  nm  for  0  - 
20  ps,  539  nm  for  20  -  40  ps,  526 
nm  for  40  -  60  ps,  522  nm  for  60  - 
80  ps.  The  maximum  wavelength 
was  520  nm  later  than  100  ps  of 
the  gated  time.  The  enzyme  was 
dissolved  in  0.017  M  of  pyrophos¬ 
phate  buffer  at  pH  8.3  (cone  100 
uM). 


References 

1.  H.  Tojo,  K.  Horiike,  K.  Shiga,  Y.  Nishina,  H.  Watari,  T.  Yamano  :  J. 
Biol.  Chem.  260,  1261  5  (1985) 

2.  F.  Tanaka,  K.  Yagi  :  Biochemistry  1_S,  1  531  (1979) 

3.  N.  Nakashima,  K.  Yoshihara,  F.  Tanaka,  K.  Yagi  :  J.  Biol.  Chem.  255, 
5261  (1980) 

4.  A.  Karen,  N.  Ikeda,  N.  Mataga,  F.  Tanaka  :  Photochem.  Photobiol.  37, 
495  (1983) 

5.  1.  Yamazaki,  0.  Tamai,  H.  Kume,  H.  Tsuchiya,  K.  Oba  :  Rev.  Sci. 
Instrum.  56,  1187  (1985) 

6.  K.  Mishimoto,  Y.  Watanabe,  K.  Yagi  :  Biochim.  Biophys.  Acta  526,  34 
(1978) 


Index  of  Contributors 


Abe.  H.  274,480 
Abe.  M.  189 
Aberg,  U.  520 
Adachi.  M.  315 
Agmon.  N.  517 
Agostini,  P.  404 
Agrawal,  G.P.  53 
Aihara,  M.  396 
Ainslie,  B.J.  369 
Akai,  I.  262.266 
Akesson,  F„  520 
Akivama,  H.  249 
Alfano,  R.R.  27.53,226 
Alfrey,  A.J.  64 
Ambroseo,  J.R.  450 
Anfinrud,  P.  442 
Angel,  G.  467 
Antonetti,  A.  218,223,321 
404,527 

Arakawa,  Y.  70 
A.sahi.  T.  511 
Asaka,  S.  375 
Aubert.  R.  44 
Aussenegg,  F.R.  434 
Azuma.  K.  229 


Bado.  P.  2 
Baer.  T.  64 
Baldeck,  P.L.  53 
Bar-Joseph,  I.  56 
Barker.  C.E.  390 
Barthelemy,  A.  149 
Btiuerle,  R  J.  452 
Becker,  P  C.  1 2,344 
Beisser,  F.A.  12 
Ben-Amotz,  D.  548 
Benoit  a  la  Guillaume.  C. 

223 

Bergstrom,  H.  520 
Blow,  K.J.  67 
Boens,  N.  486 
Bonkhofcr.  T.  106 
Bor,  146 
Borisevich,  N  A.  565 


Bover.  G.R.  15 
Brady,  R.  97 
Breheret,  E.  473 
Breton,  J.  576 
Brito  Cruz,  C.H.  584 
Brock,  H.  602 
Brun,  A.  15.149 
Budansky,  Y.  27 
Btihrman.  R.A.  201 
Buijs,  M.  236 
Burdick.  G.W.  101 

Capehart,  W.  283 
Causgrove,  T.P.  590 
Cavanaeh,  R.R.  447 
Chambaret.JP.  15,179,223 
Chekalin,  S.V.  414 
Chemla,  D.S.  56,294.331 
Cheng,  Xusan  378 
Chesnov.  J.  366,470 
Chin,  S.L.  8 
Chiu,  PH.  44 
Cho,  Y.  198 
Chwalek.  J.M.  201 
Clark.  J.B.  30 
Colombano.  C.G.  602 
Combescot,  M.  328 
Corkum,  P.B.  8 
Cotter,  D.  369 
Couillaud,  B.C.  97 
Crust,  D.W.  311 
Cunningham,  J.E.  294 

Damen,  T.C.  288 
Danielzik,  B.  420 
Datta.  S.  334 
de  Boer,  S.  354 
De  Schryver,  F.C.  486 
De  Silvestri,  S.  33 
Deveaud,  B.  288 
Dianov,  F.M.  40 
Dickson.  T.R.  545 
Dobler.  J.  581 
Dohlus,  R.  458 
Doi.  M.  135 


Doraiswamy.  S.  568 
Downer,  M.C.  101.128 
Drake,  J.M.  548 
Dressier,  K.  581 
Dwayne  Miller,  R.J.  424 
Dykaar.  D.R.  201 

Eastman.  L.F.  185 
Edelstein.  D.  357 
Eesley,  G.L.  283 
Eisenstein.  G.  73 
Elsaesser,  T.  452 
F.ndch,  A  87 

Faldon,  M.E.  112 
Fashan,  Jin  252 
Fauchet.  P.M.  109 
Finch.  A.  159 
Fleming,  G.R.  477,532 
Fluegel.  B.  218 
Focht,  G.  101.128 
Fork.  R.L.  12,344 
Forrester.  D.S.  67 
Fragnito.  H.I  .  12,344 
Franco.  M.  404 
Franco.  M.A.  15 
Freiberg,  A.  593 
French.  P.M.W.  94 
Friberg,  S.R.  169 
Froehlv.  C.  149 
Fujii,  M.  324 
Fujii.  T.  195 
Fujimoto,  J.G.  210.283 
Fujimura.  Y.  464 
Fukui,  K.  410 
Fursa,  D.G.  40 
Furukawa,  M.  492 

Gage!.  R.  467 
Gale,  G.M.  363 
Garuthara,  R.  226 
Gauduel.  Y.  527 
Georges.  1’.  15 
Gibson,  R  B.  91 
Gillbro,  T  520.596 


613 


Girdlestone,  H  P.  369 
Gohel.  F.  240 
Golovchenko.  E.A.  40 
Golovlev,  V.V.  414 
Gomez-Jahn,  L.A.  424 
Gong,  T.  109 
Goodhue,  W.D.  1X5 
Goodnick,  SM.  294 
Gordon.  J.P.  56 
Gosnell.  T.R.  91 
Goto.  T.  256 
Gouveia-Neto.  A.S.  112 
Graener,  H.  45X 

Htibner.  H.-J.  321.452 
Magihara.  M  555 
Hakkarainen,  A.  523 
Hama,  M.  396 
Hamaguchi.  H.  195 
Hamanoue,  K.  4X9 
Han.  C.  442 
Haner.  M.  139 
Hansen,  P.A.  442 
Hansen,  P.B.  73 
Harper,  S.E.  91 
Harten,  P.  420 
Harter,  D.  2 
Hasegawa,  A.  229 
Hatano,  M.  606 
Hattori,  T.  3"’8,384 
Hawkins,  R.J.  1 1 5 
Hayashi,  H.  4X0 
Hayashi.  M.  464 
Heilweil.  E.J.  447 
Hennebereer.  F.  243 
Henry.  J.E.  294 
Herbert,  D.  311 
Heritage,  J.P.  115 
Herpers,  l'.  106 
Higa.shimura,  T.  393 
Hirai,  M.  274 
llirano,  T.  249 
Hirata.  Y.  562 
Hirlimann.  C  A  1 1 X 
Hoburg,  E.A.  551 
Hochstrasser.  R.M.  442.450 
Hotzapfel,  W.  461 
Holzwarth,  A.R.  602 
Honold,  A.  307 
Hsiang,  T.Y.  201 
Hukka,  T  523 
Hulin.  I)  179,2 IX. 223, 32X 
Huppert.  D.  517 

lchimura.  K.  277 
lida,  T.  393 
Ikeda.  N.  42X 
Ikehara,  T.  252 


Imaizumi,  A.  153 
Imainura.  T.  1X0 
Inata,  T.  1X2 
Inoue,  K.  229 
Inouye,  K.  3X1 
Ippen,  E.P.  210 
Ironside,  C.N.  369 
Ishida.  Y.  19.266.372 
ishikawa,  M.  599 
Islam,  M..Y.  56 
Itava.  A.  437 
I  to'.  C  410 
I  to,  M.  4X9 
itoh.  II.  3X4 
Itoh,  T.  252 
Iwabuchi.  Y.  252 
Iwata,  H.  324 

Jankauskas,  A.  1 32 
Janssens.  E  D.  4X6 
Jing  Yan.  Yi  542 
Joffre,  M.  21X.223.32X 
Jolv,  A.G.  506 
Joshin,  K.  1X9 

Kafka.  J.D.  30.64 
Kaua,  S.  37 
Kaifu.  Y.  262,266 
Kaiser,  W.  121.452.581 
Kalpouzos,  C.  537 
Kamite,  K.  1X9 
Kamiya,  T.  70,192 
Kamiyama.  H.  192 
Karasawa,  T.  262.266 
Kashiwagi.  Y.  259 
Kasinski.  J  J  424 
Katashitna.  Y.  3X1 
Kutsuvama.  T.  3 IX 
Kawai.  T.  262 
Kawamshi,  S.  164 
Kavanuma,  Y.  269 


Kimura.  K.  4X3 
Kimura,  Y,  77 
Kinoshita.  S.  3X7 
Kirsehner,  E.M.  115 
Knox.  W.H.  1  IX. 294, 331 
Kobavashi.  H.  153 
Kobavashi.  T.  135.277,300. 

478,3X4,606 
Koch,  S.W.  21X 
Kohler,  B.  506 
Kojima.  K.  174 
Kolner,  B.H.  47 
Korppi  Tommola,  J.  523 
Koshihara,  S.  410 
Koshioka,  M.  42X 


Kostenbauder,  A.G.  390 
Kozlov,  A. A.  414 
Kryukov,  I.V.  22 
Kryukov.  P.G.  22 
Kubota.  H.  24 
Kuga.  T.  249 
Kuhl.  J.  307 
Kuhlke,  D.  106 
Kiihnle,  G.  1 24 
Kurokawa.  K.  24 
Kurosaki,  M.  334 
Kurz,  H.  233 
Kushida.  T.  3X7 
Kutt.  W.  233 
Kuwata.  M.  249 
Kyuma.  K.  174 

LaGasse.  \EJ.  210 
Eagendijk.  A.  2X0 
Eagendijk.  A.  399 
Lap.  D.  243 
Eathrop.  D.K.  201 
Eaubereau.  A.  45X.467.4to 
Le  Saux,  G.  15 
Leatrd.  D.E.  115 
Lee,  S.  226 
laritner.  A.  434 
Eeonhardt.  R.  461 
Lester,  C.S  91 
Letokhov.  V.S.  414 
Li.  K.D  118 
Lin.  W.Z.  210 
Lindberg.  M.  21 X 
Lippitsch.  M.K.  434 
Liu.  H.F.  192 
Liu.  Y.  159 
Livescu,  G.  294 
Lobentanzer,  H  297 


Magni.  V.  33 
Maine,  P.  2 
Maiva.  G  B.  56X 
Malvezzi,  M.  236 
Mamvshev,  P.V.  40 
Manning,  R.J.  311 
Maroncelli.  M.P.  532 
Martin,  J.E.  576 
Martin.  M.M.  473 
Maruyatna.  K.  571 
Masuhara,  H.  428,437 
Masumoto.  Y.  315 
Mataga,  N.  511,555.562 
Mathies,  R.A.  5X4 
Matsui,  A.  492 
Matsumoto.  T.  340 


Unshaw.  W.T.  537.545 
Lu.  X.Z.  226 
Lysak.  N.A  565 

Kennev  Wallace.  G.A  537.545 
Khorosbilov.  E.V.  22 


614 


Matsuoka,  M.  249,256,340 
Matsusue.  T.  304 
Matveetz,  Y.A.  414 
Mazur,  E.  236 
McMorrow,  D,  537 
McMorrow,  D.  545 
Meyer,  M.  559 
Meyer,  Y.H.  473 
Mialocq,  J.C.  559 
Migus,  A.  218,223,328.404, 
527 

Mihailidi,  M.  27 
Mikawa,  T.  195 
Miller,  A.  311 
Miller,  D.A.B.  331 
Mimura,  T.  189 
Min,  L.  424 
Minami,  F.  229 
Misawa,  K.  384 
Mitani,  T,  410 
Miyasaka,  H,  511 
Miyauchi,  E.  182 
Mizuno,  K.  492 
Mogi,  K.  142 
Mokhtari,  A.  366 
Mokhtari,  A.  470 
Moore,  J.N.  442 
Morimoto,  A.  135 
Motoyama,  H.  153 
Mourou,  G.  2,185,201,205 
Mukamel,  S.  542 
Muller,  H.G.  404 
Muller,  A.  146 
Muto,  S.  182 

Nagakura,  S.  480 
Naganuma,  K.  142 
Nakagawa,  K.  164 
Nakahara,  S.  77 
Nakajima,  M.  153 
Nakamura,  A.  266 
Nakamura,  H.  318 
Nakashima,  N.  428 
Nakatani,  K.  555 
Nakatsuka,  H.  381 
Nakayama,  T.  489 
Nakazawa,  M.  24 
Nees,  J.  205 
Negus,  D.K.  97 
Nelson,  B.P.  67 
Nelson,  K.A,  506 
Nesa,  F.  473 
Nighan,  Jr.,  W.L.  109 
Ninomiya,  T.  300 
Niu,  H.  159 
Nobuhara,  FI.  195 
Noll,  G.  240 
Nomura.  Y.  464 


Noordam,  L.D.  402 
Norris,  T.B.  185 
Nozawa,  T.  606 
N'uss,  M.C.  215 

Ogawa,  K.  318 
Ohashi,  Y.  384 
Ohtsuki,  Y.  464 
Ojima,  S.  511 
Oka,  Y.  259 
Okada.  T.  77,51  1,555 
Okamoto,  FI.  410 
Okuyama,  K.  487 
Onabe,  K.  324 
Osaka,  Y.  334 
Osuka,  A.  57! 

Oudar,  J.L.  179 
Owaki,  S.  77 

Park,  N.S.  551 
Pax,  P.  44 
Pearson,  N.M.  1 18 
Penzkofer,  A.  61 
Periasamy,  N.  568 
Pessot,  M.  2 
Petite,  G.  404 
Petrich,  J.W.  576 
Petrov,  V.  243 
Peyghambarian.  N.  218 
Pines,  E.  517 
Piskarskas,  A.  132 
Ploog,  K.  297 
Pollard,  W.T.  584 
Pommeret,  S.  527 
Port,  H.  495 
Prokhorov,  A.M.  40 
Pullerits,  T.  593 
Puls,  J.  243 

Qingyue,  Wang  156 
Qiu,  P.  61 

Ranson,  P.  363 
Raybon.  G.  73 
Reinisch,  H.  434 
Reitze,  D.H.  101,128 
Reynaud,  F.  149 
Roberts,  J.P.  91 
Roger.  G.  15 
Rolland,  C.  8 
Rudolf.  W.  243 
Ruggiero,  A.  477 
Ruhman,  S.  506 
Russek,  S.E.  201 

Saeta,  P.  236 
Saikan,  S.  349 
Saito,  H.  153,246 


Sakai.  H.  437 
Sakaki,  H.  304 
Salin,  F.  15,149 
Sandstrom,  A.  596 
Sarukura,  N.  87 
Saruwatari,  M.  164 
Sato,  K.  483 
Sato,  T.  37,50 
Schafer,  F.P.  82 
Sehanne,  P.  363 
Schatz,  G.H.  602 
Schlapp,  W.  321 
Schmitt-Rink,  S.  331 
Schoenlein,  R.W.  210,283 
Schultheis,  L.  307 
Scott,  T.W.  548 
Seibert,  K.  233 
Seilmeier,  A.  121,321,452 
Seyfang,  R.  495 
Sfez,  B.G.  169 
Shah,  J.  288 
Shank,  C.V.  12,344,584 
Sharkov,  A.V.  22 
Shio,  Y.  153 
Shiota,  T.  50 
Shurong.  Qian  156 
Sibbett,  W.  159 
Siegner,  U.  240 
Silberberg,  Y.  169 
Sivakumar,  N.  551 
Sleat,  W.E.  159 
Smith,  P.W.  169 
Sock  Chang.  Nion  198 
Sogawa,  T.  70 
Sokoloff,  J.  218 
Sokolowski-Tinten,  K.  420 
Sollner,  T.C.L.G.  185 
Song,  X.J.  185 
Souma,  I.  259 
Spangfort,  M.  596 
Sprik,  R.  399 
Squier.  J.  2 
Stabinis,  A.  132 
Stamm,  U.  243 
Stark,  J.B.  331 
Stephenson,  J.C.  447 
Stolz,  W.  297 
Strickland,  D.  2 
Struve,  W.S.  590 
Subbi,  J.  523 
Sucha,  G.  56 
Sueta,  T.  135 
Sugihara.  K.  77 
Sugimoto,  M.  324 
Sundstrom,  V.  520.596 
Suzuki,  T.  324 
Suzuki,  Y.  274 
Svelto.  O.  33 


615 


Szabo,  G.  146 
Szatmari,  S.  82,124 

Tackeuchi,  A.  182,195 
Tada,  T.  300 
Taiji,  M.  277 
Takada,  A.  164 
Takagahara,  T.  337 
Takagi,  Y.  407,410 
Takahashi,  M.  483 
Takahashi,  R.  192 
Takeda,  J.  256 
Takiguchi,  Y.  27 
Tallman,  C.R.  91 
Tamai,  N.  431,492,571,610 
Tanaka,  F.  610 
Tanaka,  H.  198 
Tanaka,  I.  192 
Tanaka,  S.  153 
Tang,  C.L.  357 
Tanguy,  C.  179 
Taylor,  A.J.  91 
Taylor,  J.R.  94,112 
ten  Wolde,  A.  402 
Terasaki,  A.  378 
Terauchi,  M.  606 
Thurston,  R.N.  115 
Tikhomirov,  S.A.  565 
Timpmann,  K.  593 
Todd,  D.  477 
Tokizaki,  T.  19,372 
Tolstorozhev,  G.B.  565 
Tomita,  M.  340 
Tomlinson,  WJ.  115 
Torizuka,  K.  37,50 
Trebino,  R.  390 
Tsuchivu  M.  304 
Tu,  C.W.  307 
Tucker,  R.S.  73 

Uchiki,  H.  300 
Umeda,  T.  198 
Ushida,  K.  489 

van  Albada,  M.P.  399 
van  Exter,  M.  280 
van  Grondelle,  R.  596 
van  Linden  van  den  Heuvell 
H.B.  402,404 
Venkataraman,  B.  568 
von  der  Linde,  D.  106,420 
Vreeker,  R.  399 

Wachman.  E,  357 
Wada,  O.  195 
Waldeck,  D.H.  551 
Walker.  D.R.  159 
Walmsley,  I. A.  357 


Wang,  Juen-Kai  236 
Wanghua,  Xiang  156 
Warren,  W.S.  139 
Watanabe,  A.  153 
Watanabe,  A.  246 
Watanabe,  K.  375 
Watanabe,  M.  410 
Watanabe,  M.  87 
Watanabe,  S.  87 
Weimann,  G.  321 
Weiner,  A. M.  115 
Weiner,  A.M.  169 
Whitaker,  J.F.  185 
Whitaker,  J.F.  201 
Wiersma,  D.A.  354 
Wiesenfeld,  J.M.  73 
Wilhelmi,  B.  243 
Williamson,  S.  205 
Wise,  F.W.  357 
Wood,  W.M.  101 
Wood,  W.M.  128 
Woodbridge,  K.  31! 
Worner,  M.  121,321 


Yajima,  T.  19,266,372 
Yamada,  H.  142 
Yamada,  N.  527 
Yamaguchi,  A.  300 
Yamanishi,  M.  37,50,334 
Yamazaki,  1.  410,431,49'’ 
571.610. 

Yamazaki,  T.  431 
Yang,  Q.L.  159 
Yang.  S.  590 
Yano,  R.  381 
Yao.  T.  300 
Yartsev,  A.P.  414 
Ye,  T.-Q.  458 
Yokota,  M.  396 
Yokoyama,  H.  324 
Yoshihara,  K.  407,428 
Yoshiyama,  H.  15.3 
Yoshizawa.  M.  277 
Young  Lee,  Bong  135 
Yu-Pu.  Liu  33 
Yuhara.  Y.  489 


Zewail.  A.H.  500 
Zhang,  H.  159 
Zhang,  T.R.  101,128 
Zhao,  X.M.  27 
Zhenglie,  Gong  156 
Zhengyi,  Huang  156 
Ziguang,  Xu  f.56 
Zinth.  W.  461,58! 
Zysset.  B.  210 


616 


W. Kaiser  (Ed.) 


Ultrashort  Laser  Pulses 
and  Applications 

With  contributions  by  D.  H.  Auston,  K.  B.  Eisenthal, 
R.  M.  Hochstrasser.  C.  K.  Johnson,  W.  Kaiser, 

A.  Laubereau,  D.von  der  Linde,  A.  Seilmeier, 

C.V.  Shank,  W.Zinth 

1988.  196  figures.  XV,  424  pages.  (Topics  in  Applied 
Physics,  Volume  60).  ISBN  3-540-18605-0 


Contents:  W.  Kaiser:  Introduction.  -  C.  V. Shank:  Genera¬ 
tion  ol'Ultrashort  Optical  Pulses.  -  A.  Laubereau:  Optical 
Nonlinearities  with  Ultrashort  Pulses.  -  D.  von  her  Linde: 
Ultrashort  Interactions  in  Solids.  -  D.  H.  Auston:  Ultrafast 
Optoelectronics.  -  W.Zinth,  W.  Kaiser:  Ultrafast  Coherent 
Spectroscopy.  -  A.  Seilmeier,  W.  Kaiser:  Ultrashort  Intra¬ 
molecular  and  Intermolecular  Vibrational  Energy  Trans¬ 
fer  of  Polyatomic  Molecules  in  Liquids.  -  K.  B.  Eisenthal: 
Ultrafast  Chemical  Reactions  in  the  Liquid  State.  - 
R.M.  Hochstrasser.  C.  K.  Johnson:  Biological  Processes 
Studied  by  Ultrafast  Laser  Techniques.  -  Subject  Index. 

This  authoritative  book  is  written  by  ten  experts  in  the 
field.  It  provides  an  up-to-date  review  of  the  state  of  the 
art  in  different  generation  processes  for  ultrashort  laser 
pulses.  Extensive  applications  in  a  wide  range  of  fields  - 
in  physics,  engineering,  chemistry,  and  biology  -  are  also 
discussed. 


Eight  chapters  deal  with  the  following  topics: 

-  the  generation  of  picosecond  and  femtosecond  laser 
pulses 

-  nonlinear  wave  interactions 

-  new  investigations  in  solid-state  physics 

-  recent  progress  in  optoelectronics 

-  advances  in  coherent  material  excitations 

-  ultrafast  vibrational  lifetimes  and  energy  redistribution 
in  liquids 

-  new  observations  of  chemical  reactions  in  the  liquid 
state 

-  the  primary  processes  of  important  biological  systems. 


Springer-Verlag  Berlin 
Heidelberg  New  York  London 
Paris  Tokyo  Hong  Kong 


The  book  is  essential  reading  for  scientists  and  engineers 
who  want  to  know  what  is  going  on  in  this  rapidly 
advancing  field.  It  should  also  interest  graduate  students 
and  others  who  seek  an  introduction  to  laser  pulses. 


S.  Svanberg,  W.  Persson  (Eds.) 


Laser  Spectroscopy  VIII 

Proceedings  of  the  Eighth  International  Confer¬ 
ence.  Are,  Sweden,  June  22-26,  1987 

1987.  315  figures.  XX,  474  pages.  (Springer  Series 
in  Optical  Sciences,  Volume  55). 

ISBN  3-540-18437-6 

Contents:  Applications  of  Laser  Spectroscopy  to 
Basic  Physics.  -  Laser  Cooling,  Trapping  and 
Manipulation  of  Atoms  and  Ions.  -  Quantum 
Jumps.  -  Quantum  Optics,  Squeezed  States  and 
Chaos.  -  Atomic  Spectroscopy.  -  Molecular  Spec¬ 
troscopy.  -  Clusters,  Surfaces  and  Solids.  -  Miscel¬ 
laneous  Laser  Spectroscopy  Experiments.  -  Laser 
Spectroscopic  Diagnostics.  -  Spectroscopic  Techni¬ 
ques.  -  Spectroscopic  Sources.  -  VUV  Spectros¬ 
copy.  -  Index  of  Contributors. 

This  book  contains  the  proceedings  of  the  Eighth 
International  Conference  on  Laser  Spectroscopy 
(EICOLS  ’87)  held  in  Are.  Sweden.  June  22-26. 
1987.  The  more  than  140  contributions  record  the 
talks  and  posters  in  which  leading  experts  in  the 
field  presented  the  latest  developments  in  laser 
spectroscopic  sources,  laser  spectroscopic  tech¬ 
niques  and  their  applications  to  fundamental  and 
applied  physics  and  related  fields. 

The  topics  treated  include: 

-  Applications  of  Laser  Spectroscopy  to  Basic 
Physics 

-  Laser  Cooling.  Trapping  and  Manipulation  of 
Atoms  and  Ions 

-  Quantum  Jumps 

-  Quantum  Optics,  Squeezed  States  and  Chaos 

-  Atomic  Spectroscopy 

-  Molecular  Spectroscopy 

Springer-Verlag  Berlin  _  Clusters,  Surfaces  and  Solids 

Heidelberg  New  York  London  -  Laser  Spectroscopic  Diagnostics 
Paris  Tokyo  Hong  Kong  -  VUV  Spectroscopy 


Springer  Series  in  Chemical  Physics 

Editors:  V.  I.  Goldanskii  R.  Gomer  F.  P.  Schafer  J.  P.  Toennies 


1  Atomic  Spectra  and  Radiative  Transitions 

By  I. !.  Sobelman 

2  Surface  Crystallography  by  LEED 

Theory,  Computation  and  Structural 
Results.  By  M.  A.  Van  Hove,  S.  Y.  Tong 

3  Advances  in  Laser  Chemistry 
Editor:  A.  M.  Zewail 

4  Picosecond  Phenomena 
Editors:  C.V.  Shank,  E.  P.  Ippen, 

S.  L.  Shapiro 

5  Laser  Spectroscopy 

Basic  Concepts  and  Instrumentation 
By  W.  Demtroder  2nd  Printing 

6  Laser-Induced  Processes  in 
Molecules  Physics  and  Chemistry 
Editors:  K.  L.  Kompa.  S.  D.  Smith 

7  Excitation  of  Atoms  and  Broadening 
of  Spectral  Lines  By  1. 1.  Sobelman, 

L.  A.  Vainshtein,  E.  A.  Yukov 

8  Spin  Exchange 

Principles  and  Applications  in 

Chemistry  and  Biology 

By  Yu.  N.  Molin,  K.  M.  Salikhov, 

K.  I.  Zamaracv 

9  Secondary  Ion  Mass  Spectrometry 
SIMS  II  Editors:  A.  Benninghoven, 

C  A.  Evans,  Jr.,  R.  A.  Powell, 

R.  Shimizu,  II.  A.  Storms 

10  Lasers  and  Chemical  Change 
By  A.  Ben-Shaul,  Y.  Haas, 

K.  L.  Kompa,  R.  D.  Levine 

1 1  Liquid  Crystals  of  One-  and 
Two-Dimensional  Order 
Editors:  W.  Helfrich.G.  Heppke 

12  Gasdynamic  Laser  By  S.  A.  Losev 

13  Atomic  Many-Body  Theory 
By  I.  Lindgren,  J.  Morrison 

14  Picosecond  Phenomena  II 
Editors:  R.  M.  Hochslrasser, 

W.  Kaiser, C.V.  Shank 

15  Vibrational  Spectroscopy  of 
Adsorbates  Editor:  R.  F.  Willis 

1 6  S pectroscopy  of  M  olecular  Excitions 
By  V.  L.  Broude.  E.  I.  Rashba, 

E  H  Sheka 

17  Inelastic  Particle-Surface  Collisions 
Editors:  E.  Taglauer,  W.  Heiland 

18  Modelling  of  Chemical  Reaction 
Systems  Editors:  K.  H.  Ebert, 

P.  Deullhard,  W.  Jiiger 


19  Secondary  Ion  Mass  Spectrometry 
SIMS  III 

Editors:  A.  Benninghoven,  J.  Giber, 

J.  Laszlo.  M.  Riedel.  H.  W.  Werner 

20  Chemistry  and  Physics  of  Solid 

Surfaces  IV  Editors:  R.  Vanselow,  R.  Howe 

21  Dynamics  of  Gas-Surface  Interaction 
Editors:  G.  Bcnedek,  U.  Valbusa 

22  Nonlinear  Laser  Chemistry 
Multiple-Photon  Excitation 
By  V.  S.  Letokhov 

23  Picosecond  Phenomena  III 

Editors:  K.  B.  Eisenthal,  R.  M.  Hochslrasser, 
W.  Kaiser,  A.  Laubereau 

24  Desorption  Induced  by  Electronic 
Transitions  DIET  I  Editors:  N.  H.  Tolk, 

M.  M.  Traum.  J.  C.  Tully,  T.  E.  Madey 

25  Ion  Formation  from  Organic  Solids 
Editor:  A.  Benninghoven 

26  Semiclassical  Theories  of  Molecular 
Scattering  ByB.C.  Eu 

27  EXAFS  and  Near  Edge  Structures 
Editors:  A.  Bianconi,  L.  Incoccia,  S.  Stipcich 

28  Atoms  in  Strong  Light  Fields 
By  N.  B.  Delone,  V.  P.  Krainov 

29  Gas  Flow  in  Nozzles 

By  U.  Pirumov.  G.  Roslyakov 

30  Theory  of  Slow  Atomic  Collisions 
By  E.  E.  Nikitin.  S.  Ya.  Umanskii 

31  Reference  Data  on  Atoms,  Molecules, 

and  Ions  By  A.  A.  Radzig,  B.  M.  Smirnov 

32  Adsorption  Processes  on  Semiconductor 
and  Dielectric  Surfaces  I 

By  V.  F.  Kiselev,  O.  V.  Krylov 

33  Surface  Studies  with  Lasers 
Editors:  F.R.  Aussenegg,  A.  Leitner, 

M.E.  Lippitsch 

34  Inert  Gases 

Potentials,  Dynamics,  and  Energy  Transfer 
in  Doped  Crystals.  Editor:  M.  L.  Klein 

35  Chemistry  and  Physics  of  Solid 

Surfaces  V  Editors:  R.  Vanselow,  R.  Howe 

36  Secondary  Ion  Mass  Spectrometry. 

SIMS  IV  Editors:  A.  Benninghoven. 

J.  Okano,  R.  Shimizu,  II.  W.  Werner 

37  X-Ray  Spectra  and  Chemical  Binding 
By  A.  Mciscl,  G.  Lconhardt.  R.  Szargan 

38  Ultrafast  Phenomena  IV 

By  D  ll.  Auston,  K.  B.  Eisenthal 

39  Laser  Processing  and  Diagnostics 
Editor:  D.  Biiucrle 


